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Abstract 
The present thesis is concerned with how the alloying addition affects the basal 
slip and extension twinning in Magnesium (Mg). Nanoindentation tests are 
carried out in such a way that the initiation of basal slip and the nucleation of 
extension twinning are detected as a “yielding” phenomenon and a “pop-in” event 
on the load-penetration depth curves, respectively. Atomic Force Microscopy 
(AFM) and Electron Back Scatter Diffraction (EBSD) are employed to verify the 
active deformation modes around the residual imprint.  
At first, the common commercial magnesium alloy AZ31 is studied. 
Nanoindentation tests were performed using a 5 μm radius cone-spherical 
indenter on selected surface orientations close to {ͳͳതʹͲ} or {ͳͲͳതͲ}.  Some tests 
were interrupted once the yielding or pop-in event was observed. In addition, 10 
μm and 50 μm radius cone-spherical indenters were also employed to examine 
the Indentation Size Effect (ISE). CPFEM simulations were used to calculate the 
maximum resolved shear stresses for {ͳͲͳതʹ} twinning. It was verified that the 
initiation of basal slip is caused by yielding, which is defined as the point 
deviating the Hertzian elastic contact prediction. The subsequent large pop-in 
event at higher load is caused by a twinning event. The CRSS for the initiation of 
basal slip shows a similar range (200 MPa to 450 MPa) for the two grain 
orientations. Compared to bulk materials, the higher values of CRSS for basal slip 
are due to the limited number of dislocation sources in highly stressed zone 
underneath the indenter. The CRSS of twinning for {ͳͳതʹͲ} indentation (540 MPa 
to 740 MPa) is around 1.25 times higher than that for {ͳͲͳതͲ} indentation (420 
MPa to 580 MPa), which is close to the ratios of the indentation Schmid factors 
(1.34). The CRSS values for twinning were converted to expected polycrystalline 
values using a Weibull calculation based on grain surface. The high values of CRSS 
(180 MPa) obtained suggest that twin nucleation on free surface under the 
indenter is more difficult than at grain boundaries in a polycrystal. The 
indentation size effect for basal slip initiation can be explained by the increased 
number of dislocation sources sampled by larger indenter radii. We also found 
that the pop-in width increases with the pop-in load in three sized indenters and 
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that this can be described by a simple model based on density of twin nucleation 
sites. 
The hardening effect of rod-shaped precipitates on basal slip and extension twin 
was then examined in Mg-6Zn alloys. Indentations were performed on {ͳͳതʹͲ} 
and {ͳͲͳതͲ} planes in multiple grains for solution treated, 1.5 h aged (under-aged), 
8 h aged (peak-aged) and 24 aged (over-aged) states using a 5 μm radius cone-
spherical indenter. It is found that the calculated CRSS for basal slip (345 MPa to 
380 MPa) does not change too much over the four conditions. This is probably 
because the initial yielding is more related to the activation of pre-existing 
dislocation sources. The inhibition of the basal slip by precipitates cannot be 
investigated by using the present technique. However, the strengthening effect 
on twin nucleation with aging is significant. The CRSS values for twinning was at 
least strengthened by 50 MPa, 110 MPa and 215 MPa for three aged conditions 
respectively. The back-stress caused by elastically deformed precipitates is the 
most likely reason for the hardening effect. The hardening on twin nucleation 
suggests that twin nucleation is key to understand the impact of precipitates on 
twin stress in polycrystal. The pop-in load and pop-in width relations in aged 
samples show a considerable scatter. This is probably due to the different twin 
variant selection observed in the {ͳͲͳതͲ} indentations.  
Finally, the influence of Gd addition (0.3 wt. %, 1 wt. %, 2.5 wt. % and 4 wt. %) 
was studied using the same approach. It is found that the improved ductility, finer 
grain size and non-basal [ͳͳതʹͳ] texture are observed as the Gd concentration 
increases. The basal slip in the three lean alloys is not noticeably strengthened by 
Gd addition but that the CRSS value was raised 37 MPa after adding Mg-4 wt. % 
Gd. The strengthening effect is probably due to the inhibition of basal dislocations 
by large Gd atom and solute cluster in the matrix. The influence of Gd addition on 
extension twinning is sensitive to grain orientation that the strengthening effect 
through solute drag can only be observed in {ͳͳതʹͲ} oriented grains when more 
than 1 wt. % Gd is added.  
It is concluded that, nanoindentation is a promising tool to study the initiation of 
basal slip and the nucleation of extension twinning in Mg alloys. 
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Chapter 1 
Introduction 
1.1 Motivation 
Magnesium is the lightest structural metallic material, and has potential to meet 
needs for energy efficiency in aerospace and automobile manufacture [1, 2]. 
However, most magnesium alloys exhibit poor plasticity at room temperature 
because their low symmetry Hexagonal Closed-Packed (HCP) structure displays 
a lack of easily activated independent crystallographic shears [3]. In Magnesium, 
basal slip and {ͳͲͳതʹ} extension twinning are the two most easily activated 
deformation modes. The activation of basal slip causes micro-yielding prior to the 
general yield point in the stress-strain curves of many alloys [4] and extension 
twinning is often seen to dominate in the compression of wrought alloys [5-7]. To 
improve the formability and strength of magnesium alloys requires that we 
understand the initial plasticity.  
The plastic deformation of crystalline metals is typically understood to occur 
once the resolved shear stress reaches a critical value: CRSS. Neutron diffraction 
or X-ray diffraction can be combined with polycrystalline deformation models to 
determine effective CRSS values in engineering alloys [6, 8, 9]. These are obtained 
using a fitting procedure that optimizes prediction of flow strength and 
sometimes texture and anisotropy. However, the reported CRSS values show a 
large scatter for basal slip [4, 10, 11] and {ͳͲͳതʹ} extension twinning [6, 8, 12, 13]. 
In the case of twinning, this approach does not really allow one to separate 
nucleation and growth stresses.  
While most of the investigations on measuring of CRSS for basal slip and {ͳͲͳതʹ} 
twinning have focused on specific magnesium alloys such as AZ31 or pure Mg, 
little work has been done on the alloying influence on the CRSS, particularly for 
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twin nucleation and growth. This lack of understanding hampers rational alloy 
design and restricts the ability of current models to make accurate predictions. 
The aim of present work is to determine how alloying affects the CRSS for basal 
slip and twin nucleation, so that more rational alloy design will be possible. The 
study examines pure Mg, AZ31 alloys, Mg-6 wt. % Zn and a series of Mg- Gd 
samples using nanoindentation. This technique is non-destructive to samples, 
less time-consuming and can be precisely carried out at specific locations on the 
specimen. The influence of precipitates and the concentration of solute element 
are examined. 
1.2 Thesis outline 
In Chapter 2, a review of the crystallography of magnesium and its deformation 
modes is presented. The nanoindentation technique and its application to Mg is 
also reviewed.  
In Chapter 3, the experiment methodology for the research is introduced. The 
preparation of material, sample polishing method, mechanical testing and the 
microstructure are given. 
Chapter 4 investigates the initiation of plasticity by nanoindentation in AZ31. The 
deformation modes, orientation effect and aspects of the indentation size effect 
are studied and discussed. 
Chapter 5 examines precipitation hardening using solution treated, under-, peak- 
and over-aged Mg-6Zn. The strengthening effect on the plastic deformation 
modes is studied and discussed. 
Chapter 6 presents solute strengthening in pure Mg, Mg-0.3 Gd, Mg-1 Gd, Mg-2.5 
Gd and Mg-4Gd alloys. The hardening results on the plastic deformation modes 
are reported and discussed. 
Finally, contributions to original knowledge and suggestions for future work are 
presented. 
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Chapter 2 
Literature Review 
2.1 Introduction 
This chapter explores three major topics. The first section presents the crystal 
structure of magnesium and magnesium alloys. Then the two main deformation 
mechanisms in magnesium alloys are reviewed. The effect of metallurgical 
variables on basal slip and extension twinning is described briefly. Finally, the 
nanoindentation technique is introduced and a review of the application of this 
technique to magnesium is presented. 
2.2 Crystallography of magnesium 
Magnesium alloys are widely used in the automobile and transportation 
industries due to their high specific strength [14]. Wrought magnesium generally 
exhibits better mechanical properties than cast components [7], but the strong 
basal texture generated during rolling and extrusion provides wrought 
magnesium with high plastic anisotropy and asymmetry [5, 15]. This behavior is 
typical in metals with hexagonal crystal structure. 
Pure Magnesium and most magnesium alloys possess a hexagonal close-packed 
(HCP) crystal structure, as shown in Figure 2.1. In one primitive hexagonal unit 
cell, the stacking sequence of HCP structure along the c direction is ABABA. There 
are three axes (ܽଵ ൌ ܽଶ ൌ ͵ǤʹͲ͵% ,ܿ ൌ ͷǤʹ%) and their corresponding angles 
areߙ ൌ ߚ ൌ ͻͲιǡ ߛ ൌ ͳʹͲι. 
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Figure 2.1 HCP crystal structure. 
The ܿ/ܽ ratio of magnesium is 1.624. This is higher than Ti and Zr but lower than 
Zn and Cd. The addition of substitutional solute atoms, such as Al, Zn, Li and the 
rare earth elements, change the axial ratio of magnesium by their different atom 
size and electron valence [16]. The relationships between the variation of ܿ/ܽ 
ratio and the solute concentration in Mg-Al, Mg-Zn and Mg-Li binary alloys are 
given in Figure 2.2. Contrary to the Mg-Zn and Mg-Li systems, an increase in Al 
concentration leads to a rise in the ܿ/ܽ  ratio [16]. For Mg-Li alloy, its crystal 
structure becomes body centered cubic (BCC) when more than 11.5 wt. % Li is 
added [17]. Alloying with rare earth element Y leads to both ܽ and ܿ increase [18, 
19]. However, the addition of Y to 0.5 at. % causes the axial ratio to decrease, 
while this ratio increases when more Y is added [18]. 
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Figure 2.2 The changes of axial ratio as a function of solute concentration in Mg-
Al, Mg-Zn and Mg-Li binary alloys [16]. 
2.3 Plastic deformation modes of Magnesium 
In magnesium alloys, plastic deformation occurs by two major mechanisms: slip 
and twinning. The modes compete against each other but they also combine to 
meet the imposed strain. 
2.3.1 Slip 
In magnesium, slip deformation occurs on basal, prismatic and pyramidal planes, 
as defined in Table 2.1. Basal ൏ ܽ ൐ slip, prismatic ൏ ܽ ൐ slip and the pyramidal 
൏ ܽ ൐ slip have the same slip directions൏ ͳͳതʹͲ ൐.  
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Table 2.1 Slip systems in magnesium alloys. 
Deformation 
systems 
Plane 
Shear 
direction 
Number of 
independent 
shears 
<a>  
Basal slip 
 
ሼͲͲͲͳሽ 
ͳ
͵ ൏ ͳͳ
തʹͲ ൐ 2 
<a>  
Prismatic 
slip  
ሼͳͲͳതͲሽ 
ͳ
͵ ൏ ͳͳ
തʹͲ ൐ 2 
<a>  
Pyramidal 
slip  
ሼͳͲͳതͳሽ 
ͳ
͵ ൏ ͳͳ
തʹͲ ൐ 4 
<c+a>  
Pyramidal 
slip  
ሼͳͳതʹʹሽ 
ͳ
͵ ൏ ͳͳ
തʹ͵ ൐ 5 
 
    
7 
 
Basal slip is easily activated and usually the first sign of plastic deformation in 
polycrystalline magnesium. In the tests of through-thickness compression and in-
plane tension of rolled magnesium alloy AZ31B, the activation of basal slip causes 
micro-yielding prior to the general yield in the stress-strain curves [4]. This 
phenomenon is also observed in compression and tension tests of extruded AZ31 
samples as well as random textured cast Mg alloys [8, 20]. This is because basal 
slip is firstly activated in favorably oriented grains. The nucleation of prismatic 
slip requires a higher stress and dislocations are created either by cross slip of 
the basal ൏ ܽ ൐ dislocations or the formation of jog-pairs [21]. Prismatic slip has 
been observed by Ward et al. [22] and Quimby et al. [23] in magnesium single 
crystals and Mg-Li single crystals respectively in the 1960s. In tension tests of 
extruded magnesium alloys, the macro-yielding of magnesium alloys is caused by 
the activation of prismatic slip [8]. The onset of pyramidal slip systems in 
magnesium alloys is even harder. The pyramidal ൏ ܽ ൐  type slip system was 
detected at high temperatures in a magnesium single crystal by Reed-Hill [24] 
and Ando [25]. The pyramidal ൏ ܿ ൅ ܽ ൐ type slip can be experimentally seen 
from room temperature to 500 °C [26, 27] and is generally understood to have 
the highest CRSS of the active modes [28].  
2.3.2 Twinning 
According to Von Mises’ criterion, five independent slip systems are required for 
arbitrary homogeneous shape change in polycrystalline materials [29]. The 
commonly observed basal and prismatic slip systems offer four independent slip 
systems in total and they only accommodate the shear along ൏ ͳͳതʹͲ ൐ . 
Mechanical twinning is an option for the deformation of magnesium to fulfill the 
Von Mises’ criterion at room temperature.  
Figure 2.3 shows the classical picture of twinning deformation of a semicircle into 
a half ellipsoid by a homogeneous twinning shear s. K1 and K2 are the only two 
undistorted planes called the twinning plane and the conjugate twinning plane, 
respectively. When twinning undergoes shear along η1, K2 becomes K2ˊ, and K2 
intersects the plane of shear S in η2 and η2ˊ before and after twinning, respectively. 
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The planes and directions K1, η1 and K2, η2 are called twinning elements and 
provide the basic description of a twin.  
 
Figure 2.3 Crystallographic elements of twinning: K1, η1 and K2, η2 [30]. 
One distinctive characteristic of twinning is its polarized nature. In HCP twins, 
twinning can only accommodate strain in either tension or compression parallel 
to the crystallographic c-axis [31]. This one-directional characteristic puts the 
twinning modes into two groups: extension twinning and contraction twinning. 
If the c/a ratio of a crystal is less than the ideal value, the common ሼͳͲͳതʹ} 
twinning mode tends to extend the c-axis, while if c/a is larger than the ideal 
value, c-axis contraction results. Yoo [32] summarized the variation of twinning 
shear with the c/a axial ratio (Figure 2.4). A positive slope in this figure 
represents the contraction of the c-axis and a negative slope indicates the 
extension along c-axis. In HCP metals, the commonly observed twinning modes 
are ሼͳͲͳതʹሽ  <ͳതͲͳͳ>, ሼͳͲͳതͳ}൏ ͳͲͳത തʹ ൐ , ሼͳͳതʹʹሽ ൏ ͳͳതʹ ത͵ ൐  and ሼͳͳതʹͳሽ ൏ ͳതͳതʹ͸ ൐ 
[24]. In the case of magnesium, since the axial ratio c/a is 1.624,ሼͳͲͳതʹ} <ͳതͲͳͳ> 
is a tension twin while theሼͳͲͳതͳ}൏ ͳͲͳത തʹ ൐ twin is a contraction twin.   
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Figure 2.4 The variation of twinning shear with the c/a axial ratio: a positive 
slope represents the contraction of the c-axis and a negative slope refers to c 
extension [32]. 
Another important effect of twinning is the reorientation of the crystal lattice, see 
Figure 2.5. The most prominent twinning mode in magnesium is the ሼͳͲͳതʹ} 
<ͳͲͳതͳ> extension twin, and the misorientation between matrix and daughter is 
86.3° around <ͳതʹͳͲ>. Six {ͳͲͳതʹ} twin variants are listed in table 2.2 and their 
projections on the prismatic plane (ͳͲͳതͲ) are shown in Figure 2.6.  
 
 
Figure 2.5 Schematic depiction of the deformation of twinning: open circles 
represent the original atomic position while the black ones are the new 
positions caused by twinning displacement [33]. 
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Table 2.2 Twin variants ofሼͳͲͳതʹ} <ͳͲͳതͳ> extension twin. 
 h k i l u v t w 
V1 1 0 -1 2 -1 0 1 1 
V2 -1 1 0 2 1 -1 0 1 
V3 -1 0 1 2 1 0 -1 1 
V4 0 -1 1 2 0 1 -1 1 
V5 1 -1 0 2 -1 1 0 1 
V6 0 1 -1 2 0 -1 1 1 
 
 
Figure 2.6 Six {10ͳത2} twin variants and their projections on the (ͳͲͳതͲ) plane 
[34]. 
2.3.2.1 Nucleation of twins 
Twinning involves twin nucleation, propagation and growth, as shown in Figure 
2.7. Defect sources with high internal stresses, such as grain boundaries or twin 
interfaces, provide sites for twin nucleation [35, 36]. Following nucleation, twins 
quickly extend within the twin plane K1 until they meet an obstacle, such as a 
grain boundary. Alternatively, they can halt upon reaching a region of low stress. 
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This is followed by lateral growth (thickening) by the repeated movement of  
twinning dislocations over adjacent twin planes parallel to K1 [37].  
 
Figure 2.7 Schematic of the twinnning process [38]. 
Mechanisms for twin nucleation can be classified into homogeneous and 
heterogeneous nucleation. The homogeneous twin nucleation model requires 
homogeneous lattice shear and high stress concentration. In 1961, Price [39] 
observed the nucleation and growth of twins in dislocation-free zinc by electron 
microscopy. His results supported the idea that twins nucleate homogeneously 
in regions of high stress concentration.  
The nucleation scenario shown in Figure 2.7 is a case of heterogeneous 
nucleation. The majority of twins  in a polycrystal appear to nucleate at grain 
boundaries [35].  Thompson and Millard [40] proposed the first model for HCP 
metals called the pole dislocation model, in which a perfect dislocation ࢈ 
dissociated into a twinning partial ࢈࢚ in the twinning plane and a pole dislocation 
࢈࢖ normal to this twinning plane. In their model, the non-planar dissociation of 
the <c> dislocation resulted in a mono-layer ሼͳതͲͳʹሽ twin, but the instability of the 
single twinning dislocation indicates that this model for twin nucleation cannot 
be acceptable for Mg [40]. Later Mendelson [41, 42] pointed out that the 
dissociation reactions of ͳ ͵ൗ ሾതʹͳͳͲሿ , ͳ ͵ൗ ሾͳതͲͳͲሿ , ͳ ͵ൗ ሾതʹͳͳ͵ሿ  and [0001] edge, 
mixed and screw dislocations lead to the generation of “glissile” twinning 
dislocations on the twinning planes. Then Pirouz [43] in 1987 proposed a double-
cross-slip mechanism, in which a perfect screw dislocation ࢈ dissociated into a 
twinning partial ࢈࢚ and a stationary partial ࢈࢙. The double cross-slip caused by 
the screw dislocation made repeated twinning partial expansions and then 
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formed a twin. More recently, Wang et al.  [44, 45] raised two possible twinning 
mechanisms: normal-twinning mechanism and zonal-twinning mechanism. But 
due to a smaller Burgers vector, zonal-twinning mechanism is more energetically 
favourable, in which at least 9 atomic layers of a twin nuclei is formed by the glide 
of the partial dislocation ࢈࢔  at first and followed by the glide of twinning 
dislocations ࢈࢚࢝ . He also revealed that twins preferred to nucleate at grain 
boundaries with low misorientation angles. 
2.3.2.2 Growth of twins 
The glide of twinning dislocations leads to the extension of the twin and 
subsequent twin growth provides significant plastic shear [38, 46]. Twin 
thickening can be assisted by slip which is caused by the dissociation of slip 
dislocations or it may be independent of slip which does not need pre-existing 
slip activity [39, 47-50]. Serra and Bacon [47] studied the interaction between a 
basal dislocation and a ሼͳͲͳതʹሽ twin boundary using computer simulation. Their 
results showed that new twinning dislocations came from decomposition of 
mobile dislocations from the matrix. On the other hand, Capolungo and co-
workers [46] developed a twin thickening rate law and studied how slip 
contributed to twin growth in several HCP metals. In their work, they discovered 
that slip assisted growth is likely to dominate in Zn and Cd but not in Mg.  
2.3.2.3 Stress of twinning 
To understand the internal stress in the parent and twin domains can help guide 
the prediction of the twinning activity. Once a twin nucleus is formed, the shear 
strain leads to stress relaxation in the parent domain [51]. Using in-situ neutron 
diffraction, Clausen et al. [51] found that significant stress redistribution took 
place when twinning begins. Clausen et al. explained the back-stress using the 
images in Figure 2.8, in which the grey arrows in (a) represent the compression 
direction and the white arrows in (b) are the back-stress generated by constraint 
of the surroundings. The back-stress, as its name implies, is opposite in sense to 
the applied shear stress and it inhibits twin growth. Clausen et al. also found that 
the back stress relaxed completely when the strain is at around 4 %. Aydiner et 
    
13 
 
al. [52] investigated the resolved shear stress ߬௥௦  on the extension twin plane 
along the twin direction in parent and twins by 3-Dimension XRD (Figure 2.9). 
The resolved shear stress ߬௥௦ in the twin plane showed the opposite sign to its 
parent at the onset of twinning, which verified by direct evidence the appearance 
of the back-stress. An estimation of back stress for a penny shaped twin is given 
by Mura [53]: 
                                                 ߬஻ ൌ ߨ
௩ିଶ
ସሺଵି௩ሻ ݏݍܩ̱ െ ʹݏݍܩ                             Equation 2.1 
where ݏ is the magnitude of the twinning shear, ݍ is the aspect ratio and ܩ is the 
shear modulus.  
 
Figure 2.8 Constraint induced back-stress: grey arrows represent the 
compression direction and the white arrows represent back-stress generated by 
the constraint of the surroundings  (a) Before twinning (b) After twinning [51]. 
(a) (b) 
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Figure 2.9 The resolved shear stress on the twin plane for parent and twin 
variant 2 and variant  5: low stresses in the twins reveals the back-stress [52]. 
2.3.3 Critical resolved shear stress  
The activation of a slip system can be evaluated by the Critical Resolved Shear 
Stress (CRSS) [28]. The CRSS for initiation of a deformation mode which occurs 
under applied stress ߪ௜௝௖௥ is presented in the crystal co-ordinates: 
                                                     ܥܴܵܵ ൌ ݉௜௝ߪ௜௝௖௥                                                Equation 2.2 
where ݉௜௝ ൌ
ଵ
ଶ ሺܾ௜ ௝݊ ൅ ௝ܾ݊௜ሻ is the Schmid tensor. 
The stress required for twin nucleation tends to be higher than that for twin 
propagation and growth [54]. Still, although the CRSS rule for twinning seems to 
be applied in general, experimental results using the Schmid law show a large 
scatter (see Table 2.3 in page 17). Beyerlein et al. [35] found twinning did not just 
occur in grains with high twin Schmid factor. Their statistical study showed that 
twin thickness had a good relationship with Schmid factor. However, Barnett et 
al. [55] found that the Schmid law influenced twin nucleation more than 
thickening at low strains of deformation in magnesium alloy AZ31. The difference 
may be attributed to differences in local stress concentrations due to twin 
densities [30] or the effect of grain boundary misorientation [44]. A recent study 
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suggests that the twin variant selection is influenced by the amount and type of 
strain accommodation required by neighboring grains [56]. 
2.3.3.1 Methodology for estimation of CRSS 
In polycrystalline alloys, it is not easy to directly measure the CRSS values. 
Estimations usually employ polycrystal deformation models, such as the Taylor 
model, the Visco-plastic Self-consistent (VPSC) and the Elasto-plastic Self- 
consistent (EPSC) models, to fit the macroscopic mechanical response or the 
lattice stress-strain measurements by in-situ neutron (ND) or X-ray diffractions 
(XRD) [4, 13, 51, 57-59]. The Taylor model assumes that the plastic strain in each 
grain is the same. This model considers only the strain compatibility and neglects 
the stress equilibrium at the grain boundaries [60]. VPSC and EPSC are self-
consistent polycrystal deformation models, in which each grain is offered an 
elastic constant, plastic deformation mechanism and hardening behavior. These 
models assume that there are no direct interactions between each grain, and 
instead each grain interacts with a homogeneous equivalent medium (HEM)[61]. 
The Visco-plastic self-consistent model is good at tackling large strains, texture 
evolution, hardening and twin reorientation problems but it does not account for 
the elastic-plastic transition. The Elasto-plastic self-consistent method, on the 
other hand, is a small strain model [9].  
Crystal plasticity finite element (CPFE) method, combining the crystal plasticity 
constitutive law and the finite element method, is another popular approach to 
evaluate the CRSS for the activation of deformation modes [62-65]. It assumes 
that the plastic deformation is caused by the accumulative effect of slip and 
twinning modes that activated. The ingredients in CPFE models for elasto-plastic 
micro-mechanical problems include dislocations, twinning, orientations elastic 
stiffness tensor etc., see figure 2.10 [66]. By comparing the CPFE results with 
experiments, the information about the deformation mode activation, texture, the 
stress-strain response and the deformation at the grain scale can be obtained [66]. 
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Figure 2.10 Schematic of the conceptual ingredients in CPFE simulations for 
elasto-plastic micro-mechanical problems [66]. 
CPFE simulation can be employed at both microscopic and macroscopic scales. It 
has been successfully applied to study nanoindentation either by 2D or 3D 
models [64, 67, 68]. Sánchez-Martín et al. [62] determined the CRSS for different 
slip systems in a magnesium alloy MN11 by comparing the hardness for selected 
grain orientations obtained from nanoindentation tests with the CPFE outcomes. 
They reported the best fits of CRSS values for basal, prismatic, pyramidal  
൏ ܽ ൐  and pyramidal  ൏ ܿ ൅ ܽ ൐  are 35 MPa, 20MPa, 60MPa and 95 MPa 
respectively.  
Table 2.3 summarizes the CRSS values slip systems reported for magnesium and 
its alloys for different models and tests. The value for same material and for a 
specific deformation mode shows a very large scatter. In the most frequently used 
inverse method, parameters are adjusted in order to fit the modelling results to 
experiment results, such as texture evolution or mechanical responses. Although 
the approach could give a reasonable computational result, errors cannot be 
avoided. That is probably one important reason for the data scattering. In 
addition, we still require a better understanding about of how these values are 
affected by alloying. The influence of solute effect on the activation of each 
deformation system even shows the controversial tendency. 
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Table 2.3 CRSS values for slip systems reported for magnesium and its alloys. 
Material 
Conditions 
CRSS (MPa) 
        
Mg Single crystal 
0.81[69],
0.76[70],
0.45[71], 
0.65[72],
0.52[73] 
39.2[24],47[74],
12[75]          
35-70[76] 
43-50 [26] 
40[77] 
2 [36] 
Mg 
Single crystal, 
CPFE 
1[78] 20[78] 40[78] 5 [78] 
AZ31 
Polycrystal, 
VPSC,XRD 
45[6] 110[6] - - 
AZ31 
Polycrystal, 
VPSC,ND 
10[4] 60[4] 55 [4] 30 [4] 
AZ31 
Polycrystal, 
Taylor 
5[57] - - 32 [57] 
AZ31 
Polycrystal, 
EPSC,ND 
12[51] 100[51] 60[51] 60 [51] 
AZ31 
Polycrystal, 
EPSC,ND 
30[79] - - 35 [79] 
Mg-5 wt. % Zn 
Polycrystal, 
VPSC, as-
extruded 
18[10] 54[10] - 18 [10] 
Mg-5 wt. % Zn 
Polycrystal, 
VPSC, Peak-aged 
20[10] 140[10] - 80 [10] 
Mg-1%Mn-0.5 
wt.% Nd 
Polycrystal, 
CPFE 
12[80] 65[80] 75[80] 24 [80] 
Mg-1%Mn-1 
wt. % Nd 
Polycrystal, 
CPFE 
40[80] 46[80] 50[80] 42 [80] 
Mg-1%Mn-1 
wt. % Nd 
Polycrystal, 
CPFE, 
nanoindentation 
35[62] 20[62] 95[62] - 
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WE43 
 
Polycrystal, 
EPSC,ND, 
solution treated 
12[11] 130[11] 78[11] 85 [11] 
Polycrystal, 
EPSC,ND, peak 
aged 
30[11] 130[11] 86[11] 85 [11] 
Polycrystal, 
EPSC,ND, over 
aged 
37[11] 130[11] 92[11] 82 [11] 
2.3.4 Effects of alloying addition on CRSS  
Physical parameters, such as stain rate, temperature, grain size, orientation, pre-
strain, local stress state, compositions and precipitated, are known to influence 
slip and twinning behavior. In this section, alloying effects on basal slip and 
extension twinning will be introduced. 
2.3.4.1 Solute hardening 
Solid solution hardening and precipitation hardening are two main approaches 
to improve the mechanical properties of magnesium. Solid solutions in 
magnesium are usually substitutional. The difference of atomic size, shear 
modulus, electronegativity between the solute and solvent as well as the solute 
distribution contribute to solute hardening [81, 82]. Larger differences in atom 
size and shear modulus lead to larger increases in hardening effects. A solute with 
a big difference in electronegativity with the solvent atom will also create a 
stronger bond between two species, which results in a stronger pinning of the 
mobile dislocations. For the case of the solute distribution, non-random 
distributions of solute atoms tend in general to increase the strengthening effect 
[19].  
The lattice distortion caused by the solute atoms impedes the glide of dislocations 
and the interaction can be divided into strong pinning (Friedel) and weak pinning 
(Labusch). In strong pinning mode, individual solute atoms are treated as 
discrete obstacles to pin the dislocation, while weak pinning mechanism requires 
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a configuration of solutes to lock the dislocation line [83]. The amount of 
strengthening effect by solutes at 0 K is related to the solute concentration C, 
given as: 
                                                           ߬௦ ൌ ܩ ή ݂௡ ή ܥ௠                                         Equation 2.3 
where ܩ  is the shear modulus, ݂  is the obstacle strength and ܥ  is the solute 
concentration. The exponent ݊ depends on the nature of the obstacle and ݉ will 
vary with the average spacing between obstacles. Mott and Nabarro [84] 
concluded that the strengthening for strong and weak pinning should scale as  ܥ
భ
మ 
andܥ
మ
య, respectively. 
Solid solution significantly strengthens basal slip in most magnesium alloys, and 
this is best described by the weak pinning mode [85]. Akhtar and Teghtsoonian 
[86] investigated a series of magnesium single crystal alloys with different 
amount of alloying additions. They found that the critical resolved shear stress 
for basal slip at room temperature follows a ܥ
మ
య  better than ܥ
భ
మ   law and the 
amount of hardening effect is a result of the size and valency differences between 
two species. In the case of Mg-Zn, the hardening is entirely caused by the size 
difference since Mg and Zn are both divalent. For Mg-Al system, two-thirds of the 
hardening can be attributed to the size difference and the rest to the valency 
effect. Figure 2.11 shows the concentration dependence of the critical resolved 
shear stress for Mg-Al and Mg-Zn crystals. Note that the linear plots for both cases 
do not intercept at the CRSS of pure Mg, which indicates that the strengthening 
rate is lower at low concentrations. The hardening effect of Zn on Mg against 
basal slip is far more efficient than that of Al [87].  
In contrast, the harder planes is softened by a small amount of solid solution 
addition, which leads to the metal more ductile [74, 88]. Akhtar and Teghtsoonian 
[74] found that the CRSS of prismatic slip was decreased when Zn (0.006 
at. %~0.45 at. %) or Al (0.05 at. % ~ 0.18 at. %) was added due to the decrease 
of the Peierls - Nabarro friction stress. However, it is shown that in concentrated 
Mg-Zn alloys (0.5 at. % ~2.6 at. % Zn) both basal slip [89] and prismatic slip [90] 
were extensive strengthened because of the short-range order (SRO) on basal 
    
20 
 
and prismatic planes. The addition up to 0.5 wt. % thorium [91] and 4.65 wt. % 
Gd [92] shows slightly strengthening on prismatic slip.  
 
 (a) 
 
(b) 
Figure 2.11 Concentration dependence of the critical resolved shear stress for 
(a) Mg-Al and (b) Mg-Zn crystals [86]. 
The influence of solutes on extension twinning is disputed [20, 93]. Raeisinia and 
Agnew [20] and Stanford and Barnett [93] investigated the solute strengthening 
of basal slip and extension twin in cast and rolled Mg-Zn polycrystal alloys 
respectively, as shown in Figure 2.12. Both of their results show larger solute 
strengthening effect on basal slip at higher Zn concentration, although the 
magnitude of the hardening is small. The hardening effect seen on twinning is 
shown in Figure 2.12 (c) and (d). It is interesting that the effect seen by the two 
groups differs. Stanford and Barnett regarded that the twinning stress remained 
constant with changing Zn concentration while Raeisinia and Agnew found a twin 
hardening with Zn concentration but the effects dropped when more Zn was 
added. Meza-Garcıa et al. checked a series of extruded Mg-Zn alloys, with varying 
concentration ranging from 0.4 to 1.5 at. %. They also observed that the addition 
of Zn has no pronounced effect on the twinning stresses. Mann et al. [94] found 
that twinning was a less important mechanism at higher concentration of Zn (Mg-
2.4 at. %Zn) in cast magnesium alloys. It is possible that the strength of the 
texture and the range of concentration play an important role in the results. So, it 
is not fully clear how Zn influences the twinning behaviour. 
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                                      (a)                                              
 
(b) 
 
 (c) 
 
(d) 
Figure 2.12 Effect of Zn on strengthening effect of basal slip and extension twin 
(a) (c) [93] (b) (d) [20]. 
The addition of rare earth elements cause magnesium to adapt a more random 
texture and smaller grain size, which decreases the yield asymmetry and 
increases the ductility [95]. Stanford et al. [96] found solute clustering in the 
matrix and segregation of Gd elements in the grain boundaries in Mg-1.5 Gd at 
extrusion temperatures of 415 °C - 500 °C. They also suggested that the 
interactions of the dislocations and RE elements is stronger than that with non-
RE elements. In another study of Stanford et al. [92], the VPSC model prediction 
indicated that alloying with Gd in magnesium could harden the prismatic slip, 
while non-RE elements, such as Al and Zn, tended to decrease the CRSS values of 
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prismatic slip [74]. By using in-situ neutron diffraction and EPSC modelling, the 
increase of Y addition from 0.5 wt. % to 2.2 wt. % in magnesium exhibited no 
influence of basal slip and extension twin, showing a CRSS value of 17 MPa and 
95 MPa, respectively [97]. The author explained that the hardening effect was 
exhausted at 0.5 % Y in rolled magnesium alloys. However, the addition of 5 wt. % 
and 10 wt. % yttrium in Mg presented strong hardening on ሼͳͲͳതʹሽ extension twin 
due to large atomic size difference of Y and Mg [19].  
2.3.4.2 Precipitation hardening 
The strengthening effect of particles can be obtained by considering the 
interaction of the motion of dislocations and the precipitates. A dislocation can 
bypass obstacles by shearing though them or by bowing out between them 
(Orowan-mechanism). Figure 2.13 shows the relationship between the yield 
stress and the particle size. Only when the precipitates are very small and 
coherent or semi-coherent with the matrix, can they be sheared. 
 
 
 
Shearing mechanism 
 
Orowan mechanism 
Figure 2.13 Schematic diagram of the transition from shearing to the Orowan 
mechanism for precipitation strengthening [98]. 
In precipitation strengthened magnesium alloys, their microstructures usually 
contain plate shaped, rod shaped or spherical particles. Rod shaped MgZn´ 
particles [99, 100] in Mg-Zn alloys, Mg17Al12 plates [101]  in Mg-Al alloy and ߚଵ 
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plates in Mg-Nd alloy [102] were observed non-shearable by basal dislocations. 
The increase of CRSS for basal slip in magnesium to bypass them is given by [103]: 
                                                        ο߬௣ ൌ
ீ௕
ଶగఒξଵି௩ ݈݊
ௗ೛
௥బ
                                      Equation 2.4 
where ο߬௣ is the increase of CRSS, ܩ is the shear modulus of the matrix (17 GPa), 
ܾ  is the magnitude of the Burgers vector of the basal slip (0.32 nm), ߣ  is the 
particle spacing on the basal plane, ݒ is the Poisson’s ratio (0.28), ݀௣ is the mean 
particle diameter intersecting the basal plane and ݎ଴ is the dislocation core radius. 
Robson et al. [104] calculated how the different morphology of precipitates affect 
the increment of the Orowan stress, and these predictions are given in Figure 2.14. 
The calculation shows that basal plates are the weakest hardener against basal 
slip, while c-axis rods are more effective due to more precipitates intersecting 
with basal planes. 
 
Figure 2.14 The influence of basal plates, c-axis rods and spherical particles on 
the increment of Orowan stress for basal slip, aspect ratio of plates=0.1 and 
aspect ratio of rods=10 [104]. 
In the case of shearable particles, the increment of CRSS for slip can be 
represented as [105]: 
                                                           ο߬௣ ൌ
ଶ
௅೛௕ξ୻
ή ሺிଶሻ
ଷ ଶൗ                                    Equation 2.5 
    
24 
 
where Ȟ is the dislocation tension, ܮ௣ is the mean planar center to center distance 
between particles and ܨ is the force to resist the shearing by precipitates.  
The nucleation of extension twins is either supressed or enhanced by precipitates. 
It is reported by Clark [101] that the occurrence of extension twin decreased as 
the size and the amount of ܯ݃ଵ଻ܣ݈ଵଶ  plates increased. However, Robson and 
Stanford [10, 106] observed that more twins were formed in a compressed Mg-5 
wt. % Zn alloy in the peak aged and over aged conditions for a constant strain but 
the volume fraction of the total twins dropped. The effect was ascribed to ease of 
nucleation in a precipitate free zone constrained with high propagation stresses. 
During the growth of the twins, precipitates were observed to arrest the twin tip 
[13], to be rotated [10, 13] and to be sheared [99]. The Orowan stress is calculated 
to be very small for twin growth (8-10 MPa) [104]. The back-stress takes extra 
responsibility for the strengthening effects. The presence of particles in the twins 
results in plastic incompatibility at the precipitate/matrix interface. In order to 
modify the strain discontinuity, a uniform mean stress is produced in the matrix 
that opposed the applied deformation. This is another contribution to the overall 
back-stress acting on the twin. In fact, basal slip around the particles in the twin 
contributes more to moderate the strain discontinuity and relieve the back-stress. 
Stanford and Barnett [10] employed a VPSC model to  infer that basal slip was 
strengthened only 2 MPa from solid solution to aged condition in Mg-5 wt. % Zn.  
While hardening by aging strongly effected extension twinning from 54 MPa to 
140 MPa. Interestingly, their calculated increment of CRSS for basal slip by 
Orowan equation was 20 times higher than that from VPSC model. So, it is clear 
that strengthening against both basal slip and twinning by precipitates requires 
more studies. 
2.4 Nanoindentation 
2.4.1 Brief introduction  
Instrumented nanoindentation was developed due to the necessity of 
characterizing the mechanical properties at the micro and nano scale. Since the 
    
25 
 
1990s, the depth sensing technique has been well established to determine the 
elastic modulus and the hardness of solid materials by probing nano scale depth 
into the sample [107]. One significant difference between the nanoindentation 
techniques and the traditional hardness test is that the material response can be 
recorded continuously and shown as load-penetration depth curves. Other 
advantages of the technique are its simple setup and its non-destructive nature. 
In addition, nanoindentation has the ability to investigate the mechanical 
properties and plastic deformation mechanisms in individual grains. The 
Berkovich indenter, Vickers indenter, Knoop indenter and sphero-conical 
indenter are commonly used in nanoindentation experiments (Figure 2.15). 
Berkovich indenter is the most frequently used and idea for most of the 
mechanical testing. The Vickers tip is also commonly utilized for measuring the 
mechanical properties. The Knoop indenter is usually employed to study the 
anisotropy of the sample surface by measuring the length of diagonals of 
impression. Compared three sharper pyramid tips, the blunter sphero-conical 
indenter becomes increasingly popular because it provides a gradual transition 
from pure elastic to plastic deformation during penetration and also is great for 
modelling purpose [107]. 
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                                (a) 
 
                     (b) 
 
    (c) 
        
                     (d) 
Figure 2. 15 Shape of (a) Berkovich indenter (b) Vickers indenter (c) Knoop 
indenter and (d) Sphero-conical indenter. 
2.4.2 Contact mechanism  
According to Sneddon’s work [108], [109] on Hertzian contact [107], the relation 
between the displacement and the load can be written as: 
                                                             ܲ ൌ ߙ݄௠                                                      Equation 2.6 
where ܲ is the load,  ݄ is the displacement for elastic deformation, and ߙ and ݉ 
are constants (m=1 for flat cylinders, m=2 for cones, m=1.5 for spheres). In the 
early 1970’s, Bulychev et al. [110] analyzed indentation curves using the equation: 
                                                 ܵ ൌ  ௗ௉ௗ௛ ൌ
ଶ
ξగ ܧ
כξܣ                                              Equation 2.7 
where ܵ  is the stiffness of the initial portion of the unloading curve, A is the 
projected area for elastic contact, and E  is the reduced elastic modulus given by: 
                                                       
2 21 11 i s
i sE E E
Q Q

                                        Equation 2.8 
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where iQ  and sQ are Poisson’s ratio of the indenter and the specimen 
respectively, iE  and sE  are the Young’s modulus of the indenter and the 
specimen, respectively.  The modulus can be derived by measuring the stiffness 
from the nanoindentation tests and the optical impression. Oliver or Pharr [111] 
reported the standard procedure to extract the reduced elastic modulus for a 
conical indenter. Spherical indentation analysis usually follows Herbert et al. 
[112]. This is essential to the present work and so will be introduced here.  
Figure 2.16 (b) shows a typical penetration-depth curve obtained by using a 
spherical indenter. During the loading, there is an elastic response at the 
beginning, followed by an elastic-plastic deformation until the full load of  ௧ܲ .  
Assuming the unloading is only elastic, there is a residual impression with depth 
݄௥ at complete unload. The elastic loading follows the Hertzian contact rule [113]: 
                                                                ܲ ൌ ସଷ ܧ
כඥܴ݄௘ଷ                                         Equation 2.9 
where ܴ is the radius of a spherical indenter, ݄௘ is the elastic distance into the 
surface. During the elastic deformation, the elastic displacement ݄௘ is equal to the 
total penetration depth݄௧ , given by Sneddon [109]: 
                                                              ݄௘ ൌ ݄௧ ൌ
௔మ
ோ                                          Equation 2.10 
where ܽ is the radius of the contact boundary.  
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Figure 2.16 (a) Geometry of loading a performed impression of radius Rr with a 
rigid indenter radius R (b) Loading-unloading curve with a spherical indenter 
[107]. 
The elastic displacement can be obtained by differentiating the Hertzian load 
(Equation 2.9) with respect to݄: 
                                                              ݄௘ ൌ 
ଷ
ଶ ܲ
ௗ௛
ௗ௉ ൌ
ଷ
ଶ
௉
ௌ                                 Equation 2.11 
The expression of the radius of contact boundary in the elastic stage for an 
isotropic elastic solid is: 
                                                                  ܽ ൌ ඥ݄௘ܴ                                            Equation 2.12 
During the elastic-plastic stage, the contact depth ݄௣ is given by Oliver and Pharr 
[111] as: 
                                                             ݄௣ ൎ ݄௧ െ
௛೐
ଶ ൌ ݄௧ െ
ଷ
ସ
௉
ௌ                          Equation 2.13 
The radius of the contact boundary  ܽ can be calculated as [112]: 
                                                       ܽ ൌ ඥʹܴ݄௣ െ ݄௣ଶ ൎ ඥʹܴ݄௣                        Equation 2.14 
The contact area is determined by equation [107]: 
                 ܣ൫݄௣൯ ൌ ܥ଴݄௣ଶ ൅ ܥଵ݄௣ ൅ ܥଶ݄௣
ଵ ଶൗ ൅ ܥଷ݄௣
ଵ ସൗ ൅ ܥସ݄௣
ଵൗ଼ ൅ ڮ         Equation 2.15 
So the Young’s modulus and Hardness of materials can be obtained [112]: 
                                                                ܧ ൌ ξగଶ
ௌ
ξ஺                                              Equation 2.16 
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                                                                  ܪ ൌ ௉஺                                                  Equation 2.17 
2.4.3 Pop-in phenomenon 
Attention has been turned to study the pop-in phenomenon since Gane  and 
Bowden [114] first observed it in 1968. A pop-in is a sudden displacement 
excursion in the load-depth curve (Figure 2.17) and is caused by film breakdown 
[115-117] and/or dislocation emission [118-120]. The first pop-in event often 
marks the transition from pure elastic to elasto-plastic deformation. It has 
become a powerful tool to investigate the homogeneous or heterogeneous 
nucleation of dislocations [121-124]. The maximum shear stress at the first pop-
in load ௣ܲ௢௣ି௜௡ beneath a spherical indenter can be expressed as [125]: 
                                                       ߬௠௔௫ ൌ ͲǤ͵ͳሺ
଺ாכమ
గయோమሻ
ଵ ଷൗ ௣ܲ௢௣ି௜௡
ଵ ଷൗ                       Equation 2.18 
The values of maximum shear stress for variety of materials fall in the range of 
ܩ ͵Ͳൗ  to ܩ ͷൗ  (ܩ is the shear modulus), which is close to the theoretical strength of 
materials (ܩ ʹߨൗ ) [126]. 
 
Figure 2.17 Pop-in event on the Load- displacement curve [127]. 
The critical resolved shear stress for dislocation nucleation at the first pop-in has 
been studied by employing Hertzian contact theory [113, 128]. Additional insight 
into plastic deformation mechanisms can be obtained by imaging the indents 
using AFM. Spherical indentation of (100) planes of single crystal MgO was 
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studied by Gaillard et al. [129] to associate sequential pop-in events with a new 
plastic deformation event. In another study by Gaillard et al. [130], indenting of 
{001} planes of BaTiO3 formed twinning during the elasto-plastic stage (see 
Figure 2.18). However, there was no apparent pop-in event caused by the 
twinning event. 
 
Figure 2.18 AFM image showing slip and twin markings on {001} planes of 
BaTiO3  [130]. 
The first pop-in load was found to be proportional to the pop-in width [131-133]: 
a higher pop-in load usually triggers a larger pop-in displacement. As shown in 
Figure 2.19, the relation between the first pop-in load and the width seems linear, 
suggesting that the strain accommodated by the pop-in is a constant [134]. The 
number of dislocations is thought to be closely related to the pop-in width [121, 
132, 135] and given by [132] 
                                                              ܰ ൌ ଵఉ
ఋ೛
௕                                                      Equation 2.19 
where ܰ  is the number of dislocations, ଵఉ  is the fraction of dislocations to 
accommodate the sudden penetration by pop-in, ܾ is the burgers vector and ߜ௣ is 
the pop-in width. Bahr et al. [132] proposed the relationship between pop-in 
width and the pop-in load regardless of the indentation size effect, given by 
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                   ߜ௣ ൌ ߚ
௧௔௡ఏ
ସீ ට
ଷ
ଶξଷగ ሺͲǤ͵ͳ ቀ
଺ாכమ
గయோమቁ
ଵ ଷൗ ܲ
ఱ
ల߬௙
ିଵ ଶൗ െ ܲଵ ଶൗ ߬௙
ଵ ଶൗ ሻ          Equation 2.20 
where ܲ is the pop-in load and ߬௙ is the characteristic flow stress of bulk material. 
ߠ  is defined as the angle between the movement of the material for 
accommodating the sudden penetration caused by the pop-in and the indentation 
loading direction. 
 
Figure 2.19 Relation between pop-in width and its load for different materials 
[134]. 
2.4.3.1 Effect of dislocation density  
Factors, such as dislocation density, radius of the indenter, orientation, indenter 
type, and loading rate influence the excursion size and load of the first pop-in. 
When the tests are carried out on materials with low dislocation density and step 
free surfaces, the first pop-in is believed to be caused by the homogeneous 
nucleation of dislocations and the corresponding load is fairly high [136]. On the 
other hand, the presence of a high density of dislocations, such as at grain 
boundaries and rough polished surfaces, pre-existing dislocation sources can be 
activated, showing relative lower pop-in load and smaller pop-in sizes [131]. 
Figure 2.20 shows the different pop-in behaviors encountered when indentation 
was performed on the grain boundaries and the grain interior [131]. It is 
observed that the pop-in occurred at higher load and the corresponding 
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excursion depth was larger when testing inside the grain. When the surface of 
samples is abrasively polished, pop-in behavior can be fully suppressed, as shown 
in Figure 2.21 [137]. Wang et al. [138] found that long time polishing with 
colloidal silica on single crystal Mo restores the occurrence of pop-ins, although 
a discrepancy still exists compared with electro-polished samples. After the 
removal of 360 nm of the surface, the results tend to be steady and reproducible 
(curve No. 6 in Figure 2.22).  
 
Figure 2.20 Penetration depth-Load curves when indented on grain boundary 
and inside the grain [131]. 
 
 Figure 2.21 Penetration-depth curves obtained from indentation tests on a 
ܨଶሺͳͳͳሻ cleavage surface and an abrasive polished  (111) surface [137]. 
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Figure 2.22 Plot of cumulative probability of pop-in vs the load of first pop-in for 
different polishing conditions [138]. 
The influence of the dislocation density on the pop-in width has been studied by 
Barnoush [139] and he investigated the relationship between the dislocation 
density and the pop-in size during nanoindentation on pure aluminum samples 
under three different conditions. Sample Al-A was heat treated in a vacuum 
furnace at 600 °C; Al-F was cut from the fractured samples, and sample Al-H was 
obtained by heat treating Al-F to promote dislocation recovery. As shown in 
Figure 2.23, the difference of pop-in size between Al-H and Al-A are very small. 
However, only 42 % of curves for Al-F sample showed a clear pop-in. And the 
behavior of the pop-in width are similar with that for sample Al-H and Al-A at 
lower load, and only a little smaller at higher load. Ohmura et al. [131] also found 
that the difference of this relation between “near grain boundary” and “grain 
interior” is not big (Figure 2.24). So the dislocation density does not affect the 
pop-in width much. However, it seems that the crystal orientation shows 
influence on the relation between the pop-in load and the excursion length. 
    
34 
 
 
Figure 2.23 Plot of pop-in width versus pop-in load for indents made on three Al 
samples with different condition [139]. 
 
Figure 2.24 Relation between the first pop-in load and the excursion depth 
[131]. 
2.4.3.2 Indentation size effect (ISE)  
When the nanoindentation are tested in small scale materials, such as 
micropillars [140], the strength is larger compared with bulk materials. This 
phenomenon is often called the indentation size effect (ISE), and can arise from 
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geometrically necessary dislocations (GNDs) required to accommodate the 
plastic strain underneath the indenter [141]. Figure 2.25 shows the decreasing 
trend of hardness for annealed single crystal copper and cold deformed 
polycrystalline copper with increasing depth by a Berkovich indenter[142]. In the 
case of spherical indenter, the hardness generally decreases with increasing the 
indenter size. [143]  
 
Figure 2.25 Indentation size effect in copper, showing the hardness decreases 
with penetration depth [142]. 
Shim et al. [144] raised a new type of indentation size effect, depending on the 
load or the maximum shear stress at  the first pop-in. They checked a series of 
indenter tip radius, ranging from 0.58 μm to 209.4 μm, and tested on annealed 
and pre-strained single crystal Ni. They found the pop-in cannot be observed or 
was only observed occasionally when the indenter size was larger than 17.5 μm. 
As shown in Figure 2.26, the pop-in load tends to increase with the indenter size, 
while the maximum shear stress at the pop-in decreases. The authors explained 
that if the indenter size is much smaller than the average spacing of dislocations, 
the probability for the plastic zone containing pre-existing dislocations is low, so 
the stress required to nucleate a dislocation is close to the theoretical value. As 
the indenter size increase, the pre-existing dislocations are likely to be activated 
at lower stress. Morris et al. [136] investigated the stochastic behaviors of the 
first pop-in with indenter radii from 115 nm to 700 μm on single crystal Mo 
(Figure 2.27). In contrast with Shim’s observation, the pop-in can be seen for all 
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the indenter sizes. For the smallest size of indenter, the maximum shear stress at 
the pop-in is close to the theoretical values. In the case of intermediate sized, the 
probability turns to be very broader because initiation stresses for different 
dislocation configurations or local stress concentrations induced by 
imperfections (vacancies, impurities, steps and clusters) on contact surface are 
different.  
 
Figure 2.26 (a) Pop-in loads and (b) maximum shear stress as a function of 
indenter radius for as-annealed, 10% and 20 % pre-strained samples [144]. 
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Figure 2.27 Plot of cumulative probability of pop-in versus maximum stress 
beneath the indenter for different size of indenters [136]. The dashed vertical 
line represents the theoretical strength. The smooth curves are predictions.  
2.4.3.3 Effect of orientation  
The occurrence of the first pop-in event is sensitive to the crystal orientation, 
which is similar to the influence of the Schmid law on the plastic flow in single 
crystals [113, 145-147]. Li et al. [145] performed nanoindentation on (001), (101) 
and (111) planes of single crystal NiAl using a spherical tip (Figure 2.28). It was 
observed that the first pop-in event occurred at different load. Based on Hertzian 
contact theory, they defined the Indentation Schmid factor (ISF), given as: 
                                                                             ൌ ఛೝೞೞ
೘ೌೣ
௉బ
                                       Equation 2.21 
where ߬௥௦௦௠௔௫  is the maximum resolved shear stress in a given slip planes, and ଴ܲ 
is the mean contact pressure: 
                                                                    ଴ܲ ൌ ሺ
଺௉ாכమ
గయோమ ሻ
ଵ ଷൗ                                    Equation 2.22 
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Figure 2.28 Plot of load-displacement curves for single crystal NiAl on (001), 
(101) and (111) crystal planes [145]. 
The ISF is insensitive to the tip size and the pop-in load, only depending on the 
indentation direction and the elastic constants. Using the same method, Catoor et 
al. [146] calculated the ISF for basal, prismatic and pyramidal slip of pure 
magnesium, listing in Table 2.4.  
Table 2.4 ISF for basal, prismatic and pyramidal slip of pure magnesium [146]. 
 
2.4.3.4 Uncommon dislocation nucleation behavior 
It is generally accepted that the first pop-in indicates the onset of plastic 
deformation. The load-penetration curve is reversible before the first pop-in 
behavior. However, dislocations can be observed before the first pop-in event in 
some cases, which had been reported on aluminum [148], gold [149], tungsten 
[150], iron-silicon [150] and MgO [151]. As shown in Figure 2.29 [149], the load-
penetration curve for a stepped surface of gold deviates from the Hertzian 
contact theory at a load of point A prior to the appearance of yielding B. This 
behavior is caused by the activation of pre-existing dislocation loops, and the 
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dislocations vanish when the applied load is removed. Figure 2.30 displays 
another example which shows the abnormal nucleation of dislocations for flat 
and defect-free MgO samples during the elastic stage. Although the curve is 
reversible, it deviates from the Hertzian contact theory before the first pop-in and 
a slip line is observed by AFM. However, the author found that the position of the 
slip line is different with that from a normal pop-in event. 
 
Figure 2.29 Load-penetration curves for a flat (closed circles) and a stepped 
(open squares) surfaces of gold sample [149]. 
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Figure 2.30 AFM images and load-penetration curve of MgO shows dislocation 
can be observed before the first pop-in event [151]. 
2.4.3 Nanoindentation testing on Magnesium 
The applications of nanoindentation technique to magnesium have mainly 
focused on the investigation of the deformation mechanism by indenting on 
micro-pillars [76, 152, 153], and flat surface of single and polycrystal magnesium 
[62, 146, 154-159].  
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2.4.3.1 Compression on micro-pillar 
Single crystal micro-pillars have been fabricated from bulk single crystals by 
Focused Ion Beam (FIB) with specific orientations [160]. The advantage of testing 
on micro-pillars is that the stress-strain curves can be easily transformed from 
load-displacement curves so as to obtain the activation stress for a particular 
deformation modes based on the corresponding yielding or pop-in events. Size 
effects can be investigated by simply changing the diameter of the micro-pillars.  
Both Byer et al. [152] and Kim [153] performed the nanoindentation tests along 
[0001] of single crystal magnesium by a flat tip. Byer et al. only observed 
Pyramidal and <c> dislocations. However, they observed nearly no size effect on 
the strength by varying the pillar’s diameter from 2.5 μm to 10 μm. Kim found 
that the basal slip was activated before the yielding due to a small misorientation 
from [0001]. He also observed pyramidal slip governed yielding, which required 
a CRSS values of 112.5 MPa.  The flow stress of the [0001] pillars was sensitive to 
the micro-pillar size (1 μm -10 μm). 
Kim [153] also carried out the micro-compression tests along [ͳͳതʹͲ] and [ͳͲͳതͲ], 
shown as Figure 2.31 and Figure 2.32, respectively. For the case of [ͳͳതʹͲ ] 
orientated pillar, it is shown that a pop-in occurred at around 1 % strain, but a 
needle-like twin was observed before the massive strain burst. Due to the stress 
concentration, twin nucleated at the top of the column and propagated through 
the whole pillar. The author explained that the rapid twin growth was 
responsible for the strain burst.  Basal slip was observed to occur in the twin 
region at critical thickness of twin to relax the strain caused by extension 
twinning. However, the basal slip did not trigger any pop-in event. Besides, <c> 
type dislocation were also observed within the twin region, which were 
considered to arise from a transformation of the <> type dislocations from the 
matrix. The deformation of a [ͳͲͳതͲ] orientated pillar was somewhat similar with 
that of [ͳͳതʹͲ] orientated pillar. But the basal slip was not observed since both 
matrix and the reoriented crystal did not support basal slip. As shown in Figure 
2.32 (a), the maximum pop-in stress in the curve for [ͳͲͳതͲ] orientated pillar is 
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lower than that for [ ͳͳതʹͲ ] orientated pillar, which is consistent with the 
difference in Schmid factor between these two orientation in magnesium. 
(a) 
 (b) 
Figure 2.31  (a) Transformed stress-strain curve of [ͳͳതʹͲ] orientated pillar and 
(b) Deformed pillars corresponding the stress-strain curve in (a) [153]. 
 
(a) 
 
 (b) 
Figure 2.32 (a) Transformed stress-strain curve of [ͳͲͳതͲ] orientated pillar and 
(b) SEM and EBSD images of the deformed pillar [153]. 
Figure 2.33 (a) and (b) presents the indentation size effect for pop-in stress when 
compressing along [ͳͳതʹͲ] orientation and [ͳͲͳതͲ] orientation, respectively. They 
both show very strong ISE. Differently, the pop-in size increases with decreasing 
the pillar’s diameter in the case of [ͳͳതʹͲ] orientation, which cannot be observed 
in [ ͳͲͳതͲ ] orientation, because the massive basal slip did not occur when 
indenting along [ͳͲͳതͲ] axis. 
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 (a) 
(b) 
Figure 2.33 Indentation size effect of the (a) [ͳͳതʹͲ] orientation (b) [ͳͲͳതͲ] 
orientation [153]. 
2.4.3.2 Nanoindentation on single and polycrystal magnesium 
2.4.3.2.1 Deformation modes around the indenter 
Shin et al. [158], Catoor et al.  [146] and Selvarajou et al. [159] investigated the 
deformation mechanisms underneath the indenter when testing on particular 
crystal planes of single crystal magnesium. In their research, both basal slip and 
extension twins were found to play a role in accommodating the strain at 
incipient plastic deformation.  Shin et al. [158] performed the nanoindentation 
tests on (0001) and (ͳͳതʹͲ) by a Berkovich indenter. They found a twin was 
formed at the side area of impression in the case of indenting on (0001) plane 
while twin domains were observed vertically underneath the impression for 
indentation along the [തʹͳͳͲ] axis, as shown in Figure 2.34.  
Selvarajou et al. [159] discovered more detailed deformation behaviors around 
the indenter by combining nanoindentation experiments on (0001) and (ͳͳതʹͲ) 
planes and CPFE simulation by a cone-spherical indenter. In the first case, as 
shown in Figure 2.35 (a), basal slip was activated as the first sign of plasticity 
occurred at location I. Pyramidal <c+a> slip was then initiated underneath the 
indenter at position II. This was followed by the activation of extension twinning 
at point III. The case for indentation on (ͳͳതʹͲ) planes is different. Extension 
twinning was found as the onset of plasticity, nucleating underneath the 
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impression at position I in Figure 2.35 (b), which agrees well with the location of 
maximum shear stress based on Hertzian theory. This was followed by the 
activation of basal slip immediately at point II. Their TEM observation for the 
twin position was also consistent with the CPFE results.  
 
Figure 2.34 TEM images for cross-section of samples indented on (a)(b) (0001) 
plane and (d)(e) (ͳͳതʹͲ) plane [158]. 
 
(a) 
 
 (b) 
Figure 2.35 Schematic diagram of the locations for deformation mode observed 
in CPFE of (a) basal plane indentation and (b) second order prismatic plane 
indentation [159]. 
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Catoor et al. [146] observed that the pop-in can be observed for three 
orientations of (0001), (ͳͲͳതʹ) and (ͳͲͳതͲ) planes in Figure 2.36 (a). However, <a> 
type dislocation activity occurred before the extension twinning during 
indentation on three orientations of single crystal magnesium. It was believed 
that <a> type dislocation caused the first pop-in event. The authors also 
considered the possibility that the second large pop-in event for indentation on 
(ͳͲͳതʹ) was caused by the nucleation of the extension twinning. Three twins in 
four were formed on the surface of the sample, shown as Figure 2.36 (b) and (c). 
This may be because the stress state underneath the indenter is modified after 
appearance of the basal slip. Besides, pyramidal <c+a> slip was also observed in 
matrix and twined regions for indenting on (0001) plane. 
 
(a) 
 
         (b)                                           (c) 
Figure 2.36  (a) Load-displacement curves for three orientations and TEM 
images of extension twin when indentation was performed on (b) (ͳͲͳതʹ) plane 
and (c) (ͳͲͳതͲ) plane [146]. 
2.4.3.2.2 Extension twin morphology and variant selection 
The twin morphology formed on the surface of magnesium under the indenter is 
somewhat different, as shown in Figure 2.37. The twins tend to kink along the 
basal planes [154]. It is indicating that the strain caused by the extension 
twinning is accommodated by the basal slip. Zambaldi et al. [65]observed twin 
also extended below the specimen and found that the twin was wider inside than 
on the surface (Figure 2.38). 
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 Figure 2.37 Twin morphology around a Vickers indentation in a big grain in 
AZ31 [154]. 
 
Figure 2.38 Twins extend below the sample and also wider inside than on the 
surface [65]. 
Twinning shears the material underneath the indenter, and the twin variant 
selection depends on the direction components of the shear. Su [161] 
investigated the twin variant selection for indenting along [ ͳͳതʹͲ ] axis by 
Berkovich indenter in cast pure polycrystal magnesium. Figure 2.39 shows an 
EBSD scan for an indent at peak force of 50 mN. The selected twin variants 
are ሺͲͳͳതʹሻ , ሺͲͳതͳʹሻǡ ሺͳͲͳതʹሻ  and ( ͳതͲͳʹ ). This is consistent with the higher 
Schmid factor of 0.374, while for variantsሺͳͳതͲʹሻ and (ͳതͳͲʹ), the Schmid factor is 
0 in [ͳͳതʹͲ] direction. Among four selected variants, (ͳതͲͳʹ) and ሺͲͳതͳʹሻ variants 
were observed first. 
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Figure 2.39 EBSD map of an indentation imprint and corresponding pole figure 
showing twin variants [161]. 
2.4.3.2.3 Solid solution strengthening 
Somekawa and Schuh [155-157] investigated the effect of solid elements (Al, Zn, 
Y and Li) on the strength of magnesium by nanoindentation technique. In their 
methods, hardness measurement was employed either on large grain (100 μm) 
or fine grain (2~3 μm) samples to evaluate the strengthening effect. As shown in 
Figure 2.40, the selected solute elements with same atom weight of 0.3 % were 
added into the pure magnesium, and the Y shows highest strengthening effect for 
a given strain rate. This is followed by Zn, Al and Li. The disadvantage of this 
method is that it is difficult to separate the efficacy of strengthening for each 
deformation mechanism. By combining CPFE simulation and nanoindentation 
tests for different crystal orientations, Sanchez-Martin et al.  [62] predicted the 
CRSS for basal, prismatic and pyramidal slip systems. Their method was applied 
to pure Mg and MN 11 alloy. The results show that the addition of Nd and Mn 
made the CRSS of basal slip increased dramatically from 2 MPa to 35 MPa while 
the influence is quite small for prismatic slip even though there is a little drop. 
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(a) 
 
 (b) 
Figure 2.40 Indentation stress as a function of effective strain rate for 
magnesium alloys of (a) large grain sample (b) small grain sample [155, 157]. 
2.5 Gaps in the literature and scope of present work 
The examination of the literature shows a few gaps in nanoindentation technique 
and understanding how the alloying addition influences the initial deformation 
modes of magnesium, such as the basal slip and extension twin nucleation.  
Nanoindentation is traditionally employed for the measurement of the hardness 
of materials and will be employed in present study. Even though this  technique 
has been successfully applied into the CRSS estimation for slip modes by combing 
the CPFE simulations in research of Sanchez-Martin et al. [62], they did not 
mention the contribution of twinning to the plastic deformation. Catoor et al. [146] 
has separated the activation of <a> dislocations directly from the experiment 
results according to the pop-in phenomenon. The extension twin was observed 
when loading on (ͳͲͳതʹ) and (ͳͲͳതͲ) planes, however, it is still not clear when the 
extension twin is activated during the penetration. The present work attempts to 
investigate the pop-in events carefully so as to understand the role of each 
deformation modes better. 
Table 2.2 lists the Critical Resolved Shear Stress values reported for magnesium 
and its alloys. It is obvious that the scatter is very large for the same material, 
which limits our understanding about the cold deformation of magnesium alloys 
and alloy design for strength. It has been proved by experiments that the CRSS 
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for twin nucleation is larger than the value for twin growth [162-164]. But people 
still mention CRSS for both twin nucleation and growth without any distinction. 
Basal slip is observed as the reason for micro-yielding [4, 8, 20] while extension 
twin nucleation determines the macro-yielding in some highly textured 
magnesium alloys [5]. Therefore, it is very important to understand the 
contributions of basal slip and extension twin nucleation to the initiation of 
plasticity. This is currently unknown. 
The addition of solute elements can improve the strength of magnesium. But very 
little is known about the efficacy of strengthening for slip and twinning by the 
foreign atoms. In present work, magnesium alloy AZ31, Mg-6 wt. % Zn and Mg-x 
wt. % Gd (x=0.25, 1, 2.5 and 4.5) will be employed to perform the 
nanoindentation tests by a 5 μm cone-spherical indenter. A common alloy AZ31 
is studied to get the first understanding of the plastic deformation during the 
nanoindentation tests. The influence of the orientation and the indentation size 
effect will be also investigated. In Mg-6 wt. % Zn alloy, the aging treatment will 
be carried out to get under aged, peak aged and over aged samples. So the 
influence of the rod-shaped precipitates with different sizes on the strengthening 
of slip and twinning will be discovered. For the case of Mg-Gd alloys, the influence 
of different levels of Gd addition on the solid solution hardening effect will be 
examined. Pure magnesium will be also investigated as a benchmark.  
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Chapter 3 
Experimental Technique 
3.1 Introduction 
In this chapter, the experimental methods used in the present study are described. 
More specifically, materials and the heat treatment are shown in Section 3.2. This 
is followed by the sample preparation procedures in Section 3.3. The mechanical 
testing, including the normal hardness tests, macro compression tests and 
nanoindentation tests are presented in Section 3.4. Finally, characterization 
techniques, such as SEM, EBSD and AFM, are described in Section 3.5. 
3.2 Materials 
3.2.1 Pure Mg 
As-received cast pure magnesium billets with diameter of 29.8 mm and height of 
20 mm were extruded by MTS 810 servo hydraulic testing system at 370 ° C and 
at a strain rate of 15 mm/s. The resulting diameter after extrusion was 8 mm. The 
samples were then annealed at 450 ° C for 2 hours followed by water quenching. 
The final microstructure is shown in Figure 3.1. 
 
Figure 3.1 Microstructure of pure Mg for the surface perpendicular to ED. 
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3.2.2 AZ31 
As-received extruded magnesium alloy AZ31 bar with diameter of 40 mm was 
employed in this study. The chemical composition, analyzed by SPECTRO 
stationary metal analyzer (SPECTRO is a member of the AMETEK Materials 
Analysis Division), is given in Table 3.1. 
Table 3.1 Chemical composition of the magnesium alloy AZ31 (wt. %). The 
atomic weight for Al and Zn is also shown in the brackets. 
Alloy Al Zn Mn Si Gd Pb Mg 
AZ31 
2.77% 
(2.5 
at. %) 
1.07% 
(0.4 
at. %) 
0.393% 0.0120% 0.0303% 0.0057% Balance 
 
Samples were put into a tube furnace and annealed at 420 ° C for 16 hours under 
argon gas protection followed by water quenching. The average grain size is 26 
μm, determined by linear intercept method. The microstructures of the sample is 
shown in Figure 3.2. 
 
Figure 3.2 Microstructure of AZ31 for the surface perpendicular to the ED. 
3.2.3 Mg-6 wt. % Zn 
Cast Z6 magnesium alloy billets with diameter of 59.5 mm and height of 40 mm 
were machined from the cast ingot. The chemical composition is shown in Table 
3.2. Billets were then annealed at 335 ° C for 72 h for homogenization at argon 
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atmosphere, which was followed by the water quenching. The annealed billets 
were extruded to plates in 46 mm wide and 12 mm thick at 370 ° C at a ram speed 
of 0.1 mm/s.  
Table 3.2 Chemical composition of the magnesium alloy Mg-6Zn (wt. %). The 
atomic weight for Zn is also shown in the brackets. 
    Alloy    Zn Mn  Si Mg 
Z6 
  6 %  
   (2.4 at. %) 
   0.036%    0.038%    Balance 
 
Compression samples were machined from the extruded plate and given a 
solution treatment at 340 ° C for 3 hours. Those samples were immediately aged 
at the temperature of 200 ° C for 1.5 hours, 8 hours and 24 hours so as to obtain 
under-aged, peak-aged and over-aged conditions [100]. The final microstructure 
is shown in Figure 3.3. 
 
 
(a) 
Figure 3.3 Microstructure of (a) solution treated Z6 (b) under aged Z6 (c) 
peak aged Z6 (d) over aged Z6 for the surface perpendicular to the ED. 
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(b) 
 
 
(c) 
 
(d) 
Figure 3.3 Continued … 
3.2.4 Mg - Gd 
Four magnesium alloy, containing 0.3, 1, 2.5 and 4 wt. % Gd were cast. The 
chemical composition is given in Table 3.3. The cast ingots were cut into billets 
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measuring 59.5 mm × 40 mm for extrusion. All the billets were first homogenized 
at 450 ° C for 3 hours. The extrusion schedule include preheating the billets at 
400 ° C for 2 hours, followed by the extrusion at 400 ° C at a ram speed of 0.5 
mm/s. The samples prepared for compression tests and nanoindentation tests 
were annealed at 450° C for another 3 hours before the testing. The final 
microstructure is shown in Figure 3.4. 
Table 3.3 Chemical composition of the magnesium alloy Mg-x Gd (wt. %). The 
atomic weight for Gd is also shown in the brackets. 
Alloy Gd Th Mn Si Ce Pb Mg 
Mg-
0.3Gd 
0.304%  
(0.05 at. %) 
0.0879% 0.0182% 0.0353% 0.0303% 0.0136% Balance 
Mg-1Gd 
1.09%  
(0.17 at. %) 
0.129% 0.0178% 0.0307% 0.0335% 0.0166% Balance 
Mg-
2.5Gd 
2.51%  
(0.4 at. %) 
0.223% 0.0162% 0.0290% 0.0407% 0.0205% Balance 
Mg-4Gd 
4.08%  
(0.65 at. %) 
0.27% 0.0153% 0.0228% 0.0543% 0.0260% Balance 
 
 
(a) 
Figure 3.4 Microstructure of (a) Mg-0.3Gd (b) Mg-1Gd (c) Mg-2.5Gd (d) Mg-
4Gd for the surface perpendicular to the ED. 
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(b) 
 
(c) 
 
 
(d) 
 
Figure 3.4 Continued … 
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3.3 Sample preparation 
It has been presented in Section 2.4.3 that the surface roughness has a major 
influence on the indentation response. Therefore, the stability of the sample 
polishing procedure is very important.  
The dimension of samples for nanoindentation tests is ~10 mm × 10 mm × 5 mm 
due to the sample holder. Surfaces were wet ground using 1200 grit SiC paper, 
cleaned in ethanol in an ultrasonic bath and dried with flowing air. Then 9 μm, 6 
μm and 3 μm diamond suspensions were used for rough polishing on a Struers 
DP-Pan cloth, followed immediately by etching in acetic-nitric acid (15 ml acetic 
acid, 5ml nitric acid, 60 ml ethanol and 20 ml distilled water) for 20 seconds. 
Samples were rinsed and ultrasonically bathed in ethanol between each step.  
Wang et al. [138] found that polishing with colloidal silica restored the 
occurrence of pop-ins during the polishing of single crystal Mo. Pure colloidal 
silica has a pH of 9-10, which results in etching of the magnesium samples. The 
colloidal silica used in present work was diluted with ethanol to 10 %. Samples 
were then polished with 10 % of colloidal silica for 10 minutes in the middle of 
Struers OP-chem cloth at a rotating speed of 150 r/min. A difficulty is the sample 
cleaning because the colloidal silica can be absorbed on the sample easily. So at 
the final step, the sample was polished by ethanol for another 2 minutes to clear 
the colloidal silica thoroughly in a second Struers OP-chem cloth and ultrasonic 
cleaned for 20 minutes.  The roughness ܴ௔  of the well-polished sample was 
checked by AFM. A roughness of 1 nm can be obtained over an area of 5×5 μm 
using this method (see Figure 3.5). 
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Figure 3.5 (a) An AFM image of a well-polished sample for a scanned area of 5 
μm ×5 μm with roughness ܴ௔ 0.289 nm and (b) the roughness profile along the 
white diagonal line. 
To examine how the surface preparation influences the pop-in behavior, one 
large grain with an area of approximately 200 μm ×220 μm in a pure Mg sample 
was selected to conduct 95 nanoindentation tests for 5 different polishing 
conditions (19 tests for each condition) at an applied load of 5 mN. The sample 
was first chemical-polished in a solution of 60 % ethanol, 20 % distilled water, 5 % 
nitric acid and 15 % acetic acid for 5 minutes, and then etched with acetic-picric 
acid (6 g picric acid, 100 ml ethanol, 5 ml acetic acid and 10 ml water) to select a 
(a) 
(b) 
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desirable grain. In order to find the position of this grain after polishing, a mark 
around the grain was made by nanoindentation. After conducting the 
nanoindentation tests in the selected grain, the sample was polished by 50 nm 
colloidal silica (OPS) for 2 minutes, and etched with acetic-picric acid for 7 
seconds to find the chosen grain. The OPS polishing was also interrupted at 10 
minutes, 30 minutes and 60 minutes.  
The sample were then subjected to indentation testing. Two critical events, the 
initial departing from the Hertzian elastic fit and the following pop-in event, were 
examined. Figure 3.6 (a)-(e) shows the representative load-penetration curves 
for the 5 polishing conditions.  In the case of the chemical polished condition, the 
first critical behavior presents as a large pop-in event in 17 of 19 curves, as shown 
in curve B in Figure 3.6 (a). A second critical pop-in event was only observed in 
13 curves. However, when the sample was subsequently polished with OPS, the 
first critical event was observed as gradual yielding (not a pop-in) and the second 
critical event in all cases was a pop-in. Figure 3.7 (a) and (b) are plots of the 
cumulative fraction of the two critical events as a function of the critical load for 
the first and second event for five polishing states. Both the first and the second 
events occurred at the highest load under the chemical-polished condition. The 
differences for two critical loads in the case of other polishing steps are quite 
small, although the average load of the second pop-in tends to increase slightly 
with the OPS polishing time. Wang et al. [138] found that the damaged near 
surface layer can be removed by colloidal silica polishing and observed that the 
occurrence of the pop-in event reached a steady-state saturation state after 72 
hours polishing. Due to the restriction of the manual polishing employed here, it 
is very hard to polish a sample for such a long time. The damaged layer in our 
case seems not to be totally removed by OPS polishing for 60 minutes. The values 
of the two critical loads show consistent repeatable results. Polishing by OPS 
suppresses the first pop-in event and produces yielding phenomenon instead. 
This is primarily due to mechanical polishing introduced dislocations and the 
plastic deformation is initiated by the activation of pre-existing dislocations.   
    
59 
 
 
 
Figure 3.6 Representative nanoindentation load-penetration depth curves 
showing the effect of polishing condition on the pop-in behavior on a selected 
huge grain of pure Mg. 
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Figure 3.6 Continued … 
    
61 
 
 
Figure 3.6 Continued … 
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Figure 3.7 Cumulative frequency of the critical event as a function of (a) first 
critical load and (b) second critical load. All the data points shown here are from 
one pure Mg sample. Symbols represents the experimental values. The first 
critical load is the initial departures from the Hertzian contact fit and the second 
critical load is the following pop-in event. 
 
 
 
 
 
 
(a) 
(b) 
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3.4 Mechanical testing 
3.4.1 Compression testing  
To establish uniaxial stress-strain behavior, compression tests were performed 
on a 100 KN Instron load frame. Cylindrical samples were parallel to the 
extrusion direction and 10 mm in diameter and 15 mm in length (Figure 3.8). 
Samples were loaded in compression at a rate ofͲǤ͸͸ʹ݉݉Ȁ. Samples ends were 
polished using 1200 grit abrasive paper before the test. Lubricant was sprayed 
on both ends to decrease friction. Two white marks were placed on every sample 
for recording axial strain data using the video extensometer. 
 
 
Figure 3.8 Geometry and size of compression samples. 
3.4.2 Conventional hardness testing 
The hardness of samples was measured by the Future-tech fm-700 micro-
hardness tester. A Vickers indenter was penetrated in the polished samples with 
a load of 300g.  The measurement was performed for 10 readings randomly 
throughout the samples.  The hardness for all materials used in present study is 
shown in Table 3.4. 
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Table 3.4 Conventional hardness of solid solution treated magnesium alloys 
materials. 
Material Hardness (HV) Standard deviation 
Mg 24 ±2.9 
AZ31 54.5 ±5.4 
solution treated Z6 51.7 ±3.5 
Under-aged Z6 57.3 ±5.6 
Peak-aged Z6 67.4 ±3 
Over-aged Z6 66.9 ±3.6 
Mg-0.3Gd 27 ±2.7 
Mg-1Gd 32.3 ±3.5 
Mg-2.5Gd 41.8 ±3 
Mg-4Gd 48.7 ±3.9 
3.4.3 Nanoindentation testing 
Nanoindentation tests were conducted using a UMIS ultra-micro indentation 
system (UMIS is the name of the machine manufactured by CSIRO Division of 
Applied Physics, Lindfield, Australia), as shown in Figure 3.9 (a). Figure 3.9 (b) 
shows the mechanical arrangement of UMIS equipment. It is composed of PZT 
load actuator, force LVDT, load LVDT and the indenter shaft. The force LVDT 
sensor measures the deflection of ground support springs to which is attached 
the indenter shaft. And the depth LVDT sensor measures the absolute 
displacement of the indenter shaft. IBIS operates in closed loop control mode in 
its standard configuration, which means that in the force control, a desired force 
is continuously compared to the actual load and the PZT load actuator expands 
until the force LVDT sensor output turns to equal to the set load. Therefore, a 
stable reading is captured and recorded at each load increment. 
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(a) 
 
(b)  
Figure 3.9 (a) UMIS equipment used in present study (b) Mechanical 
arrangement of UMIS equipment [107]. 
The axis of indentation specimen is specified with respect to the extrusion 
reference frame, as shown in Figure 3.10. The carefully prepared sample was 
glued on a magnetic stage. Before testing, sample was held for at least 30 minutes 
to avoid the thermal drift. Thermally induced changes in the dimension of the 
specimen or parts of the instrument are significant, and can cause errors onto the 
real depth of penetration readings. A sphero-conical diamond tip (Figure 3.11) 
with a 5 μm radius was used. A small initial contact force of 1 μN was chosen in 
order to avoid passing the first critical event while locating the sample surface. 
  
Figure 3.10 Coordinate system for indentation (a) Z is indentation loading 
direction and (b) extrusion and indentation coordinate system. 
X 
Y 
Z 
Indented  
Surface 
X 
Y 
Z 
ED 
(b) (a) 
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 Figure 3.11 Image of the 5 μm radius sphero-conical diamond tip used in 
present study. 
3.5 Microscopy 
3.5.1 Optical microscopy 
An Olympus DP-70 optical microscope (OM) was used to observe the 
microstructure before and after the heat treatment for magnesium alloys. The 
surface perpendicular to the extrusion direction was chosen. Well-polished 
specimens were etched with acetic-picric acid (6 g picric acid, 100 ml ethanol, 5 
ml acetic acid and 10 ml water) for 10-20 seconds prior to imaging.  
3.5.2 Scanning electron microscopy 
The indenter for nanoindentation tests and the precipitates in aged Mg-6 wt. % 
Zn were checked using Type II secondary electrons (SE2) and the Angular 
selective Backscattered electron (AsB) in a Zeiss Supra 55VP field emission SEM, 
respectively. For checking the indenter, the accelerating voltage was 3 KV and the 
sample was positioned at a working distance of 10 mm. The aperture size was 10 
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μm. For analyzing the precipitates, the accelerating voltage was 20 KV and the 
indenter was positioned at a working distance of 4-6 mm. The aperture size was 
60 μm. 
3.5.3 Electron backscatter diffraction (EBSD) 
A field emission Leo 1530 SEM equipment was employed to study the texture and 
the grain orientations. The operation was performed using an accelerating 
voltage of 20 KV, an aperture size 60 μm and working distance of 10 mm. The 
maps were analyzed by HKL Channel 5 software. The sample preparation, data 
collection step size, grain size and crystal symmetry could influence the quality 
of EBSD map. The method to clean the unindexed pixels (zero solutions) and 
misindexed pixels (wild spikes) follows the standard noise reduction procedure. 
First, the wild spikes are extrapolated and then the medium level of zero solution 
extrapolation is repeatly performed until there are no unindexed pixels. Finally, 
the Kuwahara filter is applied to enhance the angular accuracy by setting the filter 
size as 3 × 3 and smoothing angle to 5°. 
3.5.4 Atomic Force microscopy 
The deformation around the indents were analysed by Brucker Multimode 8 
atomic force microscope (AFM), presenting in Figure 3.12 (a). The scanning was 
performed on the indented surface (Figure 3.10 surface X-Y). In present study, 
SCANASYST-AIR AFM probe was used to continuously collect information from 
the surface of sample. As shown in Figure 3.12 (b), a triangular shaped tip is 
attached to the end of the cantilever. A laser reflected on the back of the cantilever 
was detected by a position sensitive photodiode array which records the point-
to-surface interaction forces and the movement of the assembly in three 
directions in space.  
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(a) 
 
 (b) 
Figure 3.12 (a) Brucker Multimode 8 equipment atomic force microscope 
employed in this study (b) Basic working principle. 
The image mapping was performed in the PeakForce error mode, in which the 
error signal can be recorded and displays the complementary information of the 
sample surface. The obtained images were analysed by the software - NanoScope 
Analysis. 
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Chapter 4 
Deformation during nanoindentation in 
AZ31 alloy 
4.1 Introduction 
As illustrated in Chapter 2, basal slip and ሼͳͲͳതʹሽ extension twinning are the two 
most important deformation mechanisms for magnesium. The addition of 
alloying elements can modify the relative activation of slip and extension 
twinning. So studying the alloying effect on slip and twinning will help promote 
rational alloy design in industry. Nanoindentation is a promising tool to 
investigate the plastic deformation. Pop-in events occurred during the 
penetration of the indenter are caused by the nucleation of dislocations, 
activation of pre-existing dislocations or nucleation of twinning in metals, 
providing a method to individually study deformation mode activity.  
In magnesium, <a> type dislocations and extension twins have been observed 
during nanoindentation tests in previous research [63, 146, 165]. However, no 
method exists to distinguish slip and twinning events from the load-depth curve. 
Due to the poor understanding of the plasticity initiation during nanoindentation 
and debatable strengthening effects by alloying addition in magnesium, in this 
chapter, a common commercial magnesium alloy AZ31 will be investigated at 
first. We endeavour to study yielding and pop-in events close to the Hertzian 
elastic prediction.  First, the detailed experimental method is introduced in 
section 4.2. The initial texture and the mechanical properties are presented in the 
following section 4.3. Then the load-depth curves obtained from the 
nanoindentation tests in two particular oriented grains, deformation modes 
around the indents and the indentation by different indenter size are displayed 
in section 4.4. Finally, the activation of basal slip and twinning, the influence of 
orientation and the size effect are discussed in section 4.5.  
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4.2 Experimental method 
Nanoindentation tests were carried out in selected grains with their normal near 
to ሼͳͲͳതͲሽ  and ሼͳͳതʹͲሽ  (within 5 °). The reason for choosing these two 
orientations is because extension twin can be easily activated due to the higher 
Schmid factor. In addition, the selected orientations are easily obtained on the 
test sample surface so that the multiple tests are possible. As introduced in 
Section 3.3, samples were well polished to obtain a surface with a roughness ܴ௔ 
lower than 1nm. Electron Backscatter Diffraction (EBSD) was carried out on a 
pre-marked area to obtain grain orientation information, given in Figure 4.1. 
Several samples are required for statistical study due to the limited number of 
eligible grains in one sample. All samples were finally manually polished by 10 % 
colloidal silica for 3 minutes and ethanol for another 2 minutes immediately 
before the nanoindentation test to avoid the influence of oxidation. Tests were 
performed under closed loop control by a 5 μm radius cone-spherical indenter, 
ensuring reproducible and stable results. The loading rate is around 0.01 mN/s 
to 0.02 mN/s. The maximum applied load is 5 mN.  
All the indents were performed at least 10 μm away from the grain boundaries to 
avoid the high dislocation density area. The spacing between each indent is 10 
μm or 20 μm depending on the magnitude of the applied load. The influence of 
spacing between each indents on the critical events has also been checked in one 
large grain, as shown in Figure 4.2. The first two critical loads: the one departing 
from the Hertzian elastic fit and the load for the following pop-in event were 
examined. All the tests were performed within one large grain oriented to ሾͳͳതʹͲሿ 
and under the applied load of 5 mN. The result turns out that the spacing does 
not affect two critical loads much.  
To investigate the deformation mechanisms during the penetration of the 
indenter, some tests were interrupted once the critical events were observed. 
AFM was employed to check the deformation around the indents. EBSD mapping 
was performed with a scanning step of 0.07 μm to identify the twin around the 
indents. Besides, 10 μm and 50 μm radius cone-spherical indenters were 
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employed to study the indenter size effect in one sample under the same 
polishing conditions. The applied load was 15 mN and 20 mN for 10 μm and 50 
μm radius cone-spherical indenters, respectively. 
 
 
 
 
 
Figure 4.1 (a) Grain orientation information of pre-marked area and (b) its 
inverse pole figure. The selected grains with normal near to ሾͳͲͳതͲሿ (blue) and 
ሾͳͳതʹͲሿ (purple) within 5 °. 
(a) 
(b) 
ED 
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Figure 4.2 Influence of 10 μm and 20 μm spacing between each indent on two 
critical loads when the tests were conducted in one large grain at an applied 
load of 5 mN. The first critical load is the one departures from the Hertzian 
contact fit and the second critical load is the following pop-in event.  
4.3 Texture and mechanical property of material 
The macroscopic stress-strain curve for extruded AZ31 is given in Figure 4.3. The 
concave appearance after yielding is typical when extension twin is dominant 
[166]. The burst of extension ሼͳͲͳതʹሽ  twins makes the compression along 
extrusion direction (ED) yield at lower stresses than that for the ED tension 
samples [51, 167]. The average 0.2 % offset yield strength for all tested samples 
is 82 ± 3.7 GPa and the average total elongation is 0.17 ± 2.2 mm/mm.  
    
73 
 
 
Figure 4.3 Macroscopic compression stress-strain curve of extruded AZ31. 
The as-received AZ31 alloy exhibits ring texture with most basal planes aligned 
parallel to the extrusion direction (ED), as shown in Figure 4.4. The average grain 
size of the sample is around 26 μm. 
 
 Figure 4.4 {0001}, {ͳͲͳതͲ} and {ͳͳതʹͲ} pole figure of AZ31 (1551 grains). 
4.4 Results 
4.4.1 Yielding and the pop-in events  
The representative nanoindentation load-penetration depth curves along [ͳͳതʹͲ] 
and [ͳͲͳതͲ] axis are shown in Figure 4.5. The average hardness at the applied load 
of 5 mN is 590 MPa with a standard deviation of 39 MPa. The pure elastic 
deformation on the initial of the loading curve is analyzed by the Hertzian elastic 
contact rule [107].  In the present study, Young’s modulus in the range of 42 GPa 
ED 
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to 48 GPa was fitted to the initial curve. In all the cases, the load trace deviates at 
first gradually from the Hertzian prediction, indicating the initiation of the plastic 
deformation. The observed phenomenon is same as that observed in OPS-
polished pure magnesium in Figure 3.6. This is later followed by pop-in events at 
higher loads (Figure 4.5 (b) (d)). As illustrated in section 2.4.3, the discontinuities 
in the loading curve are related to the nucleation of the dislocations, activation of 
pre-existing dislocations and twin nucleation. Catoor et al. [146] observed double 
pop-in events for indentations on ሼͳͲͳതʹሽ plane with a small displacement jump 
followed by a bigger one.  They pointed out that the first pop-in event is caused 
by the nucleation of basal dislocations, but were not confident whether the 
following large pop-in was caused by the extension twinning. So, in present study, 
we focus on studying the deformation mechanism of the initial yielding and the 
first pop-in event. For easy description, we term the load which departs from the 
Hertzian theory as the yielding load and the load for the following pop-in as the 
critical pop-in load.  
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Figure 4.5 Typical nanoindentation load-displacement curves when 
nanoindentation tests were conducted on (a) (b) {ͳͳതʹͲ} and (c) (d) {ͳͲͳതͲ} by 
a 5 μm radius cone-spherical indenter. The trace deviates at first gradually 
from the elastic Hertzian prediction but this is later followed by a pop-in 
event at a higher load. 
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Figure 4.5 Continued... 
Figure 4.6 shows a group of load-penetration depth curves for tests carried out 
to all applied load of 5 mN in one {ͳͳതʹͲ} oriented grain. The elastic loading 
exhibits repeatable results, but the plastic behaviors for all the curves are 
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different in respect to the maximum depth of penetration, number of pop-in 
events, yielding and the critical pop-in load. This variable behaviour is most likely 
due to microstructure variability (second phase and particle dispersions) 
possible undetected surface irregularities. We will deal with this variation by 
performing multiple tests in multiple grains. The unloading slopes are similar for 
five curves, which indicates the same degree elastic recovery. Another 
phenomenon observed is the “pop-out” event which occurred at the end of the 
unloading in some curves. This phenomenon was observed in nanoindentation 
tests of silicon, caused by the phase transformation [168-171]. But this 
interpretation seems invalid in our case. The pop-out event will be studied in 
future and not focused on here. It is possibly due to de-twinning.  
 
Figure 4.6 A group of load-penetration curves done by a 5 μm radius cone-
spherical indenter within one {ͳͳതʹͲ} oriented grain. 
4.4.2 Plastic deformation characterization 
In order to understand the deformation mechanism at the yielding and critical 
pop-in loads, a series of nanoindentation tests were carried out in selected grains 
along the [ͳͳതʹͲ] and the [ͳͲͳതͲ] axis. Some tests were stopped immediately once 
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the critical event was observed. The Atomic Force Microscopy (AFM) was 
employed to check the deformation modes around the indents.  
Figure 4.7 (a) shows three “yielding only” load-penetration depth responses in 
one {ͳͳതʹͲ} oriented grain. The {0001} pole figure and the corresponding AFM 
images are also exhibited in Figure 4.7 (b)-(e). The presence of the slip lines 
match well with the basal plane trace. It is clear that the basal slip lines are the 
only deformation mode seen for load curves without the pop-in events. The shape 
of the indents become diamond shape when a higher load is applied due to 
irregularities in the tip surface. 
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Curve  Yielding load 
1.5 mN 0.46 mN 
2 mN 0.48 mN 
4mN 0.17 mN 
 
 
 
 
 
 
 
 
  
Figure 4.7 (a) Load-penetration depth curves only showing yielding (dashed 
circle) in a selected grain along with [ͳͳതʹͲ] direction. (b) Pole figure indicating 
{0001} pole of matrix. (c)- (e) AFM images of the indentation imprint after 
loading of 1.5 mN, 2mN and 4 mN. 
(a) 
(b) 
{0001} 
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Repeated tests were performed at different locations in the same {ͳͳതʹͲ} oriented 
grain. The obtained indentation curves are shown in Figure 4.8 (a). Gradual 
yielding and the subsequent critical pop-in were seen in all three curves. In 
addition to basal slip lines, new features were observed in their corresponding 
AFM images. The linear edge of this twin like features matches reasonably well 
with two of the {ͳͲͳതʹ} traces in the pole figure 4.8 (b). When the pop-in occurred 
at around 1.4 mN, only one twin can be observed (Figure 4.8 (c)), but two 
extension twins are seen at loads of around 2 mN (Figure 4.8 (d)). In the case of 
the curve with an applied load of 5 mN, more pop-in events are observed. 
Comparing the AFM images of (d) and (e), the size of extension twins are larger 
and it seems that more basal slip lines are present at an applied load of 5 mN.  
Basal slip is known to be readily activated at low stresses in macroscopic 
deformation of magnesium so it is not surprising basal slip is the origin of the 
gradual yielding seen here. The twin is only seen after a pop-in is observed in the 
load trace. This provides circumstantial evidence linking twinning with the pop-
ins. It is highly unlikely that sub-surface twinning should be responsible for 
gradual yielding because twinning inherently couples high nucleation stresses 
with low propagation stresses and interfaces appear to be required for nucleation.  
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Curve 
Yielding 
load 
Critical 
pop-in 
load 
1.5 mN 0.26 mN 1.45 mN 
3 mN 0.14 mN 2.55 mN 
5 mN 0.11 mN 1.97 mN 
 
 
 
 
 
 
 
Figure 4.8 (a) Load-penetration depth curves showing both yielding (dashed 
circle) and pop-in events in a selected grain along with [ͳͳതʹͲ] direction. (b) 
Pole figure indicating {ͳͲͳതʹ} pole of matrix. (c) - (e) AFM images of the 
indentation imprint after loading of 1.5 mN, 3 mN and 5 mN. 
 
(a) 
(b) 
ሼͳͲͳതʹሽ 
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Figure 4.8 Continued... 
Figure 4.9 and Figure 4.10 display the load-penetration depth curves and 
corresponding indentation imprint in AFM images in a single {ͳͲͳതͲ} oriented 
grain. Inspection of the AFM images of the indent reveal the presence of faint 
diagonal slip lines that match well with the basal plane trace (Figure 4.9 (b)). This 
differs from the conclusion of Catoor et al. [146] who studied chemically polished 
pure magnesium. They concluded that prismatic slip was the likely dominant 
mode in their tests performed along [10ͳത0]. The present case appears to be closer 
to the situation encountered in ሾͳͳതʹͲሿ indentation and in macroscopic testing. 
One of the edges of extension twins are parallel with {ͳͲͳതʹ} traces in the pole 
figure (b). It is also noted that the basal slip glides further once the twin occurred 
(Figure 4.8 and 4.10), while the basal slip only accommodate the plastic strain 
close around the indents without twinning (Figure 4.7 and 4.9). 
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Figure 4.9 (a) Load-penetration depth curves only showing yielding in a 
selected grain along with [ͳͲͳതͲ] direction. (b) Pole figure indicating {0001} 
pole of matrix. (c) and (d) AFM image of the corresponding indentation imprint 
showing very faint basal slip lines. (Please see basal slip lines in same grain 
shown in Figure 4.10 for confirmation). 
 
 
 
(a) 
(b) 
(d) 
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Curve 
Yielding 
load 
Critical 
pop-in 
load 
(b) 0.09 mN 0.24 mN 
(c) 0.17 mN 0.3 mN 
(d) 0.21 mN 0.86 mN 
 
  
 
 
 
  
 
Figure 4.10 (a) Load-penetration depth curves showing yielding and critical 
pop-in events in a selected grain along with [ͳͲͳതͲ] direction. (b) Pole figure 
indicating {ͳͲͳതʹ} pole of matrix. (c), (d) and (e) AFM image for the 
corresponding curve of (b), (c) and (d) respectively. 
(a) 
(b) 
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Figure 4.11 (a) and Figure 4.12 (a) display EBSD results for indents on a ሼͳͳതʹͲሽ 
crystal plane and a ሼͳͲͳതͲሽ plane, respectively. The SE2 and FSD image for the 
indent on the ሼͳͲͳതͲሽ plane is also presented in Figure 4.12 (b) and (c). Due to the 
highly deformed area and small twin size, only a portion of the twins were 
detected, and the indexing is even worse for the ሼͳͲͳതͲሽ  indented plane. It is 
observed that the ሼͳͲͳതʹሽ pole of the twin share a common pole with the matrix 
which is circled (Figure 4.11 (b)), showing the twin to be a ሼͳͲͳതʹሽ tension twin. 
The appearance of ሼͳͲͳതʹሽ extension twins have been seen by Sanchez-Martin et 
al. [63, 165], Zambaldi et al. [65] and Kitahara et al. [172].   The basal slip lines 
extend along the <c> direction until they meet the grain boundary (Figure 4.12 
(b) and (c)). The basal slip lines seem bent. It is found that the material is 
depressed on the position of up and below the indent in Figure 4.12 (c), known 
as sink-in. While the metal at left and right side of the indent is raised, known as 
pile up. But the pile-up is not obvious around the indent at smaller applied loads. 
It is the pile-up that makes the basal slip lines appear curved.  
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Figure 4.11 Indentation performed along [ͳͳതʹͲ] axis with an applied load of 15 
mN: (a) EBSD map showing the extension twinning (b) Pole figures indicating 
matrix and twin poles. Shared pole is circled.  
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Figure 4.12 Indentation performed along [ͳͲͳതͲ] axis with an applied load of 
20 mN: (a) fragments of extension ሼͳͲͳതʹሽ are in red showing in the 
Kikuchi band contrast image. (b) SE2 image of the indent showing basal slip 
lines and extension twins. (c) FSD image of the indent showing sink-in and 
pile-up phenomenon. 
Extension twin 
Basal slip lines 
(b) 
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Figure 4.12 Continued … 
4.4.3 Multiple grain testing  
In this section, 10 ሼͳͲͳതͲሽ oriented grains and 12 ሼͳͳതʹͲሽ oriented grains were 
selected to study the orientation influence on the yielding load for basal slip and 
the critical pop-in load for extension twin.  The information of Euler angles and 
3-dimentional crystal schematic diagrams for 22 grains are listed in Table 4.1. Ȱ 
provides the angle between the indentation direction and the c-axis. 
 
 
 
 
 
 
 
 
 
 
 
 
(c) Sink-in 
Pile-up 
Sink-in 
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Table 4.1 Different orientations of 10 ሼͳͲͳതͲሽ oriented grains and 12 ሼͳͳതʹͲሽ 
oriented grains studied in this work in terms of their Euler angles (ED||Z). 
 
 
 
 
 
 
 
 
 
 
 
 
Grain 
number 
Euler angles 
3D  crystal 
߮ଵ    Ȱ ߮ଶ 
ሼͳͳതʹͲሽ group 
1 169.5 91.2 59.5 
 
2 28.3 88.2 0.3 
 
3 7.8 90.8 1.9 
 
4 155.7 92.6 59.2 
 
5 107.6 91.1 1.5 
 
6 97 92.1 1.6 
 
1 
2 
3 
2 
1 3 
Z X 
Y 
Coordinate system for 3D crystal and 
axis 3 is [ͳͳതʹͲ] or [ͳͲͳതͲ]. 
Indentation and 3D crystal coordinate system 
and Z is indentation loading direction. 
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7 49.7 90.5 55.7 
 
8 109.2 94.3 57.7 
 
9 115.4 88.2 59.7 
 
10 143.6 93.3 2 
 
11 125.6 94.1 58.3 
 
12 28 90.3 56.5 
 
ሼͳͲͳതͲሽ group 
1 98.9 86.9 26.2 
 
2 70.4 91.3 30.7 
 
3 161.6 89.4 27.9 
 
4 102.1 90.7 29.3 
5 44 90.2 29.5 
 
6 3.6 93.2 31 
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7 14.4 89.1 33 
 
8 6.2 91.1 33.3 
 
9 10.2 89 33 
 
10 100.9 91.9 31.3 
 
                                                                                             
Figure 4.13 summarizes the cumulative frequency of yielding load in each ሼͳͲͳതͲሽ 
and  ሼͳͳതʹͲሽ  oriented grain.  The mean values in ሼͳͳതʹͲሽ  indented planes for 
different grains are between 0.16 mN and 0.635 mN. The tests in grain 1 to grain 
3 were carried out in one sample, named trial 1. Accordingly, grain 4 and 5, grain 
6-8, grain 9, grain 10 and 11, and grain 12 belong to trial 2, 3, 4, 5 and 6, 
respectively. It seems the variation of yielding load from grain to grain is the 
dominant factor in the variation. The mean yielding loads in ሼͳͲͳതͲሽ indented 
planes show a similar range to ሼͳͳതʹͲሽ indentation: from 0.2 mN to 0.65 mN. Grain 
1 to 3, grain 4 and 5, grain 6 and 7, grain 8, and grain 9 and 10 belong to trial 1, 3, 
4, 5 and 6, respectively.  And the variation of yielding load also differs in 10 grains 
and different trials. The mean critical pop-in loads for different grains also show 
a considerable spread (Figure 4.14), with the average load varying from 1.5 mN 
to 3.5 mN for ሼͳͳതʹͲሽ  indentation and from 0.7 mN to 3.2 mN for ሼͳͲͳതͲሽ 
indentation.  
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Figure 4.13 Yielding load statistics for (a) ሼͳͳതʹͲሽ and (b) ሼͳͲͳതͲሽ indentation in 
different grains. 
Combining all the data (Figure 4.15) shows the influence of orientation on 
yielding and the critical pop-in load. It is observed that the range and the mean 
value of yielding load for two orientations is quite similar, which agrees with their 
same Schmid factor for basal slip during uniaxial loading. While the critical pop-
in load for ሼͳͲͳതͲሽ  orientation is apparently smaller than that for the ሼͳͳതʹͲሽ 
orientation, which is in the range of 0.7 mN to 3.2 mN and1.5 mN to 3.5 mN 
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respectively. The mean critical load for ሼͳͳതʹͲሽ indentation is 1.45 times higher 
than that for ሼͳͲͳതͲሽ indentation.  
 
 
Figure 4.14 Critical pop-in load statistics for (a)ሼͳͳതʹͲሽ and (b) ሼͳͲͳതͲሽ  
indentation in different grains. 
 
    
94 
 
 
Figure 4.15 Yielding and critical pop-in loads for ሼͳͳതʹͲሽ and ሼͳͲͳതͲሽ 
indentations. Six samples were employed to test on ሼͳͳതʹͲሽ planes and five 
samples for ሼͳͲͳതͲሽ planes. 
4.4.4 Indentation by different indenter size  
 As discussed in 2.4.3.2, the hardness of nanoindentation of metals exhibits a 
strong size effect (ISF). In this section, 5 μm, 10 μm and 50 μm radius cone-
spherical indenters were employed to study the indentation size effect in terms 
of the load for yielding and the critical pop-in. The sample preparation and the 
setting of equipment for both tests were same with that for 5 μm radius indenter. 
The maximum applied load was 15 mN and 20 mN for 10 μm and 50 μm radius 
cone-spherical indenters, respectively. For the tests performed by 10 μm radius 
indenter, 4 ሼͳͳതʹͲሽ oriented grains and 2 ሼͳͲͳതͲሽ oriented grains were selected. In 
the case of 50 μm radius indenter, 3 ሼͳͳതʹͲሽ  oriented grains and 2 ሼͳͲͳതͲሽ 
oriented grains were chosen for indentation tests. The detailed information of 
Euler angles and 3-dimentional crystal schematic diagrams are listed in Table 4.2. 
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Table 4.2 Different orientations for ሼͳͲͳതͲሽ group and ሼͳͳതʹͲሽ group in terms of 
their Euler angles selected for tests performed by 10 μm and 50 μm radius 
indenter. 
Indenter size 
Orientation 
group 
Euler angles 
3D crystal 
߮ଵ    Ȱ ߮ଶ 
10 μm 
ሼͳͳതʹͲሽ 
114.8 89 57.5 
 
131.3 92.5 0.9 
 
136.1 91.6 0.8 
 
143.2 93.3 2.4 
 
ሼͳͲͳതͲሽ 
6.6 90.7 33.6 
 
9.9 88.9 33.1 
 
50 μm ሼͳͳതʹͲሽ 
102.1 88.6 1.6 
 
80.9 86.7 58.7 
 
178.6 91.1 2.6 
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ሼͳͲͳതͲሽ 
6.7 88.3 32.2 
 
85.8 92.3 31.3 
 
The nanoindentation load – penetration depth curves obtained using 10 μm and 
50 μm radius cone-spherical indenters are shown in Figure 4.16 at applied loads 
of 15 mN and 20 mN, respectively. The curves for 5 μm radius indenter under 
loads of 15 mN and 20 mN are also presented as the reference. The Hertzian 
elastic contact theory with Young’s modulus of 48 GPa agrees very well with 
representative curves before yielding. In the case of curves obtained with the 10 
μm indenter, 92 % of the curves display a critical pop-in event by an applied load 
of 15 mN, while only 52 % curves for 50 μm indenter show the critical pop-in 
events by an applied maximum load of 20 mN.  
Figure 4.16 Typical load-penetration depth curves created by 5 μm, 10 μm and 
50 μm radius cone-spherical indenter. 
The deformation around the residual indents generated by 10 μm and 50 μm 
radius indenter has been checked by AFM and is shown in Figure 4.17 and Figure 
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4.18, respectively. The activation of the basal slip and extension twining also 
follows the ‘yielding’ and the ‘critical pop-in’ behaviour described above.  
 
 
 
 
Figure 4.17 Indentation load-depth curve generated by 10 μm radius cone-
spherical indenter and its corresponding AFM image (a) ‘yielding’ only case (b) 
‘yielding and critical pop-in’ case.  
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Figure 4.18 Indentation load-depth curve generated by 50 μm radius cone-
spherical indenter and its corresponding AFM image (a) ‘yielding’ only case (b) 
‘yielding and critical pop-in’ case. 
The cumulative frequency of the yielding and the critical pop-in curves are given 
in Figure 4.19 (a) and (b), respectively. It is observed that the yielding loads 
tested by the 5 μm radius indenter exhibit the lowest values (mean value is 0.4 
mN), and this is followed by the results from 50 μm radius indenter (mean value 
is 0.9 mN). The medium sized (10 μm) indenter produces the highest results 
compared the other two (mean value is 1.3 mN). The trend differs to that seen by 
Shim [144] who observed that the pop-in load increases with the indenter size. 
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92 % of the present load-penetration depth curves obtained using a 10 μm 
indenter display a critical pop-in event by an applied load of 15 mN, and 52 % 
obtained curves using a 50 μm indenter show the critical pop-in by an applied 
load of 20 mN. Weibull curves (݂ ൌ ͳ െ ሺെሺ ௖ܲ௥
௠ܲ௘௔௡
ൗ ሻ௠ , where ௖ܲ௥  is the 
critical pop-in load, ௠ܲ௘௔௡ is the mean load and m is the Weibull modulus) are 
employed to fit the pop-in data so as to estimate the mean load of critical pop-in. 
It is found that the critical pop-in load increases with the indenter size. The mean 
value for smallest indenter is 3 mN. And for the medium sized indenter, it is 10.5 
mN. In the case of 50 μm radius indenter, the mean critical pop-in load is 22 mN. 
 
Figure 4.19 (a) Yielding and (b) critical pop-in data plotted as the load for 
results generated by 5 μm, 10 μm and 50 μm radius cone-spherical indenter. 
The Weibull curves are fitted to the critical pop-in data and the mean load for 
critical pop-in is 3 mN, 10.5 mN and 22 mN for 5 μm, 10 μm and 50 μm radius 
cone-spherical indenter, respectively. The data points for 5 μm radius cone-
spherical indenter are collected from 11 samples, for 10 μm radius cone-
spherical indenter are from 2 samples and for 50 μm radius cone-spherical 
indenter are from 2 samples.  
 
(a) 
    
100 
 
 
Figure 4.19 Continued … 
 As noted in the literature review, the first pop-in load usually presents a linear 
relationship with the width of the pop-in [113]. The relation between the critical 
pop-in load and the pop-in width for three indenters are summarized in Figure 
4.20. There is considerable scatter, but it is clear that a larger critical pop-in load 
usually triggers a greater pop-in width. As mentioned in section 2.4.3, Bahr et al. 
[132] proposed a non-linear model to describe the relation between the pop-in 
depth and the pop-in load, which is given in Equation 2.20. The first term in the 
brackets in this equation is much larger than the second term, so it can be 
simplified as follows: 
                                                                   ߜ௣̱ܴି
మ
యܲ
ఱ
ల߬௙
ିభమ                                  Equation 4.1 
where K is the constant; R is the radius of the indenter; P is the critical pop-in load 
and ߬௙ is the bulk characteristic flow stress. Equation 4.1 gives a reasonable fit to 
the data points when K߬௙
ିభమ is 0.084 for 5 μm, 10 μm and 50 μm, respectively. The 
standard error of estimate is also calculated (ߪ௘௦௧ ൌ ට
σሺ௒ି௒ᇲሻమ
ே ). 
In Figure 4.20, the number written inside the symbols represents the number of 
twins observed in the AFM images. Interestingly, the points corresponding to 
multiple twinning events fall more-or-less on the same line as the remaining data. 
(b) 
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This may be due to the additional twin acts as an “accommodating” shears for the 
primary twin event. 
 
Figure 4.20 The relationship between critical pop-in load and critical pop-in 
width for three different radius of indenters. The number written inside the 
square, circle and rhombus represents the number of twins observed from AFM 
images for 5 μm, 10 μm and 50 μm, respectively. The dash line is the fitted curve 
by Equation 4.1 and the standard error of estimate is 0.085, 0.04 and 0.018 for 5 
μm, 10 μm and 50 μm, respectively. 
4.5 Discussion 
4.5.1 Deformation mechanism around the indents 
4.5.1.1 Basal slip  
Basal slip and the {ͳͲͳതʹ} extension twin are two plastic deformation modes 
observed around the residual indents on {ͳͳതʹͲ} and {ͳͲͳതͲ} planes, as shown in 
section 4.4.2. Although the resolved shear stress is 0 for basal slip when a uniaxial 
load is applied on {ͳͳതʹͲ} and {ͳͲͳതͲ} planes, basal dislocation gliding is the first 
sign of the plastic deformation in indentation of these planes, due to the complex 
stress state. Instead of a pop-in event, which is commonly observed in chemically 
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or electro-polished samples, the onset of plasticity in the present case is 
characterized by a gradual deviation of the loading curve from the Hertzian 
elastic prediction.  It was shown in Figure 3.6 that mechanical OPS polishing 
suppresses the pop-in event and lowers the load for the initiation of plastic 
deformation. This can be understood in form of an increase in the dislocation 
density during polishing [124, 173, 174]. Rather than the homogeneous 
nucleation of basal <a> type dislocations, the yielding in the present case is most 
likely caused by the activation of pre-existing dislocation sources (e.g. Frank-
Read sources). During the penetration, when the highly stressed zone meets a 
dislocation source, basal <a> dislocations will move and multiply.  
In the case of { ͳͳതʹͲ } and { ͳͲͳതͲ } indentation, the basal shear plane is 
perpendicular to the sample surface. It accommodates strain close to the actual 
indentations, as shown in Figure 4.7 and 4.9 and also some distance away along 
the <c> direction (Figure 4.12). Zambaldi et al. [65] observed basal slip lines that 
extended to distances 11 times that of the impression diameter. They attributed 
the considerable dislocation multiplication to the strong anisotropy of plastic 
deformation of magnesium. However, extensive basal slip lines were not 
observed until extension twinning was nucleated at present study (Figure 4.8 and 
Figure 4.10). Once twinning occurred, the stress state around the indentation was 
modified, and more basal slip was required to accommodate the strain generated 
by twinning.  
4.5.1.2 Nucleation of the {૚૙૚ഥ૛} extension twin 
Following basal slip, extension twinning occurred  to meet the requirement of c-
axis extension and to reduce the strain incompatibility of basal slip activities ( see 
also [175]). The sudden shear of a small part of crystal lattice underneath the 
indenter produces a pop-in event on the load-depth curve [63]. The twins are 
seen within the residual indent and extend in length outward from the indent up 
to one indent diameter (Figure 4.8 and Figure 4.10). The first one or two 
extension twins appear to nucleate on the surface of specimen below the indenter 
( see also [146] [63]). When the critical pop-in occurred at higher load, two twins 
were commonly observed. Once one twin has been formed, the second twin 
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appears to nucleate immediately, presumably due to the induced stresses.  It is 
possible the two twins combine to form a single pop-in, but this is not certain 
because the tests were not able to be interrupted immediately following the pop-
in. Some additional strain occurred before the test could be halted. 
4.5.2 Influence of crystal orientation 
4.5.2.1 Data scattering analysis 
As exhibited in Figure 4.13 and Figure 4.14, the values of the yielding load and 
critical pop-in load are different from grain to grain, although the grain 
orientations are similar. The loading rate for the tests varies in the range of 0.01 
mN/s to 0.02 mN/s. Such a small change of the loading rate should not influence 
the load of yielding too much [155]. 
However, soft magnesium alloy can be easily welded on to the indenter tip during 
the tests, which changes the shape of indenter to some extent. In our tests, 
although the indenter was always cleaned before every test, the equipment was 
set to automatic testing for each batch of tests.   Figure 4.21 shows AFM images 
obtained by 40 continuous tests by the 50 μm radius indenter. It is observed that 
more and more Mg material from the indenter was left on the sample. In order to 
examine the influence of continuous tests on the yielding and pop-in load, the 
data of ሼͳͲͳതͲሽ orientated grain 4 obtained by 5 μm radius indenter was inspected 
more closely. Figure 4.22 shows the relationship between the yielding load and 
the indentation sequence in this grain.  It is shown that the yielding load increases 
with the indentation sequence, presumably due to Mg pick-up on the tip. Metal 
pick-up increases the effective tip radius (see the size effect reported above), 
which leads to an increase in yielding load. 
Figure 4.23 shows the plot of the critical pop-in load and the indentation 
sequence in grain 4.  In this case, it is clear that the variation present from point 
to point is considerably greater than the slight increase in critical load along the 
sequence. Twining is evidently more stochastic than slip. The points closer to the 
grain boundaries also display lower loads, suggesting that some grain boundary 
nucleation of twins may have occurred.  
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The highly stressed zone underneath the indenter containing the dislocation 
sources is small and this can lead to the variation in critical loads. Only when the 
indenter size is far smaller than the dislocation spacing or far larger than the 
dislocation spacing, will the data spread be small (see [136]). During polishing, it 
is also possible that grain to grain differences in defect density could be 
established due to local effect.  
 
Figure 4.21 AFM images of indents generated by 50 μm radius indenter showing 
more and more material was welded on the indenter with the test. 
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Figure 4.22 Plot of indentation sequence versus yielding load of ሼͳͲͳതͲሽ oriented 
grain 4 and the lager markers represent the indents close to the grain 
boundaries. 
 
 
Figure 4.23 The evolution of the pop-in load as the indentation sequence in 
ሼͳͲͳതͲሽ oriented grain 4 and the lager markers represent the indents close to the 
grain boundaries. 
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4.5.2.2 Relation of indentation load and RSS for twinning  
A Crystal Plasticity Finite element model (CPFEM) was used to calculate the 
Indentation Schmid Factor (ISF) for basal slip and to establish the relationship 
between the indentation load and the CRSS for {ͳͲͳതʹ} twinning during slip 
mediated plastic deformation, so as to analyze the stresses corresponding to the 
onset of twinning. The CPFEM simulations were performed by Dr. Filip Siska. A 
Matlab code was also written to verify the ISF calculated by CPFEM for based slip 
in an elastic stress field. 
The CPFEM code [67, 176, 177] employed in the present case uses theory based 
on the Mandel and Asaro [178, 179] approaches which use multiplicative 
decomposition of the deformation gradient into elastic and plastic parts. The 
change of deformation state is divided into two parts so that there is an 
intermediate state during the deformation at each material point. The 
intermediate state consists only of the plastic deformation of the crystal lattice. 
The elastic deformation of the crystal lattice is added during the second step to 
restore compatibility of the total deformation gradient. The intermediate 
configuration is such that the lattice orientation is the same as the initial one. 
Plastic deformation is a consequence of glide processes in N crystal slip systems. 
These slip systems are characterized by the normal to the slip plane and slip 
direction. The slip evolution is described by Norton's law. The model also 
contains parameters for description of isotropic and kinematic hardening. 
Interaction between slip systems is describe by an "interaction matrix". The 
model configuration employed in the present case ignores hardening and thus 
requires only specification of the elastic constants and the CRSS values for each 
slip system (<a> basal, <a> prismatic and second order pyramidal <c+a> slip). 
To constrain the choice of CRSS values, the following conditions were imposed: 
- The CRSS values must fall in the range pyramidal > prismatic > basal slip 
(see references [21, 28]); 
- The hardness (indentation pressure) must fall in the range of 500-900 
MPa (for an indentation depth of 90 nm); 
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- The indentation load must fall in the range 1.4-2.2 mN for an indentation 
depth of 90 nm (see above section 4.4.1, Figure 4.6); 
- Twinning is seen to dominate at higher loads rather than <c+a> slip so 
the RSS for {ͳͲͳതʹ} twinning is restrained to always remain less than the 
CRSS for <c+a> slip. 
After a parametric exploration of the CRSSi space it was found that the values in 
Table 4.3 satisfied the constraints given above. The extreme values for the 
resolved shear stresses for {ͳͲͳതʹ} twinning are plotted in Figure 4.24. The 
differences between the two indentation planes is minor. Second order 
polynomial lines are drawn through the predicted resolved stresses to identify 
upper and lower limits. These are then employed to convert the pop-in loads into 
critical resolved shear stresses corresponding to the onset of twinning. 
Table 4.3 CRSS values employed in CPFEM modelling on {10ͳത0} planes and the 
correspond values of indentation load and indentation stress (hardness) 
predicted for indentation depths of 90 nm for an indenter with a radius of 5 μm. 
 
CRSS 
basal 
(MPa) 
CRSS 
prism 
(MPa) 
CRSS 
<c+a> 
(MPa) 
Predicted 
Load 
(mN) 
Stress 
(MPa) 
1 100 150 1000 2.14 881 
2 38 150 1000 1.88 774 
3 50 100 1000 1.56 601 
4 67 100 1000 1.65 621 
5 75 150 1000 2.04 834 
6 20 100 500 1.40 522 
7 60 100 500 1.61 607 
8 100 100 500 1.74 668 
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Figure 4.24 Simulation results showing the extreme maximum RSS values for 
{ͳͲͳതʹ} twinning for different indentation loads. 
4.5.2.3 Statistical analysis CRSS for basal slip 
In Section 2.4.3.3, we presented the definition of the Indentation Schmid Factor, 
which is the ratio of the maximum shear stress for a given slip system to the 
maximum contact pressure [145]: 
 ൌ ఛೝೞೞ
೘ೌೣ
௉బ
                                  Equation 2.21 
where ߬௥௦௦௠௔௫  is the maximum resolved shear stress in a given slip planes, and ଴ܲ 
is the mean contact pressure [145]: 
                                                                    ଴ܲ ൌ ሺ
଺௉ாכమ
గయோమ ሻ
ଵ ଷൗ                                    Equation 2.22 
where ܲ  is the critical load marking the onset of plasticity. ܧכ is the reduced 
indentation modulus and R is the indenter radius. In the present calculations the 
calculated value of  by CPFEM is 0.18 for both ሼͳͲͳതͲሽ and ሼͳͳതʹͲሽ indentation 
planes, which is consistent with Catoor’s calculation [146]. 
The critical resolved shear stress calculated from Equation 2.21 for basal slip on 
ሼͳͲͳതͲሽ and ሼͳͳതʹͲሽ indentation planes are shown in Figure 4.25. Due to the same 
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ISF, the values of the CRSS for both orientations are in a similar range, between 
200 MPa and 450 MPa, although the average values are slightly different, which 
is 340 MPa for ሼͳͲͳതͲሽand 320 MPa for ሼͳͳതʹͲሽ indentation. This is a high value 
compared to what is seen in macroscopic testing of AZ31 polycrystal (1-30 MPa 
[4, 78, 79]), but approximately half the values seen in the indentation of pure Mg 
by Catoor et al. [146]. It is evident that although the mechanical polishing 
employed in the present work suppressed pop-in behavior, a strong size effect 
for the initiation of basal slip can be observed. 
 
Figure 4.25 Critical Resolved shear stress for activation of basal slip on ሼͳͲͳതͲሽ 
and ሼͳͳതʹͲሽ indentation planes.  
4.5.2.4 Statistical analysis CRSS for extension twin 
Weibull statistics are employed to analyze the distribution of critical resolved 
shear stress for the activation of extension twin. The cumulative probability of 
the critical pop-in event can be described as:  
                                             ݂ ൌ ͳ െ ሺെሺ߬௖௥ ߬௖௥଴ൗ
ሻ௠ሻ                                    Equation 4.2 
where ݂ is the probability function. ߬௖௥ is the mean critical resolved shear stress 
at which the critical pop-in event occurred.߬௖௥଴  is the reference values. ݉ is the 
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material constant which is named Weibull modulus. Figure 4.24 is employed to 
convert the loads in Figure 4.15 into lower and upper limits of critical resolved 
shear stresses corresponding to the onset of twinning, as shown in Figure 4.26. 
The mean CRSS values fall in the range of 420 MPa to 580 MPa for ሼͳͲͳതͲሽ 
indentation and 540 MPa to 740 MPa for ሼͳͳതʹͲሽ indentation. The fitted Weibull 
curves in Figure 4.26 (a) is used to make a lower approximation of the stress 
required to form a twin in each grain (95% of them) of a polycrystal with a 
nominal grain size of ~20 μm. To do this we perform a standard Weibull size 
effect calculation, given by [180]: 
                                            ߬ ൌ ߬௖௥଴ ሺെሺͳ െ ݂ሻȀݔሻ
భ
೘                                       Equation 4.3 
                                                          ݔ ൌ ሺ ௅௅బሻ
ௗ                                                      Equation 4.4 
where 
௅
௅బ
 is the ratio of the length scale of the stressed volume. ݀  is the 
dimensionality of the defects source (d = 2 for surface defects). ݔ can be regarded 
as the ratio of stressed area where a twin can nucleate.  
The contact area in indentation tests is around 2 μm2 and the grain boundary area 
per grain in a 20 μm grain size polycrystal is around 2000 μm2 so x~1000. This 
yields a predicted RSS for the polycrystal case of 160 MPa for ሼͳͲͳതͲሽ indentation 
and 205 MPa for ሼͳͳതʹͲሽ indentation. During the penetration of the indenter, the 
diameter of stressed area is of the order of the contact diameter. Even if ݔ  is 
permitted to take a value ten times greater (because of uncertainties in the actual 
‘active’ surface area beneath the indenter), this value drops only to 130 MPa for 
ሼͳͲͳതͲሽ  indentation and 140 MPa for ሼͳͳതʹͲሽ  indentation, which are still 
considerably higher than the effective CRSS values seen for twinning in AZ31 
polycrystals with a grain size in the vicinity of 20 μm (i.e. 40-50 MPa [59]). The 
twin is evidently much harder to nucleate at a free surface than in the grain 
boundaries. Alternatively, local stress concentrations in polycrystal magnify the 
applied shear by 3-5 times. 
Interestingly, the mean RSS values corresponding to the onset of twinning are 
between 1.4 and 2 times those corresponding to the onset of basal slip. These 
ratios are surprisingly close to those seen in single crystal experiments [181] and 
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those back calculated by fitting crystal plasticity simulations to mechanical test 
data [79]. 
 
 
 
 
Figure 4.26 (a) Indentation loads converted into RSS values along with a 
Weibull fit of the lower estimate twinning simulations (߬௖௥଴ =420 MPa for 
ሼͳͲͳതͲሽ߬௖௥଴ =540 MPa forሼͳͳതʹͲሽ indentation) (b) Indentation 
loads converted into RSS of the upper estimate twinning simulations. 
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4.5.3 Indenter size effect 
Generally, the indentation size effect (ISE) refers to an increase in hardness, with 
reducing the indenter size [182, 183] or decreasing penetration depth [143, 184]. 
This phenomenon can be explained by source limitation [136, 139, 144] and the 
gradient plasticity theory, according to the evolution of geometrically necessary 
dislocations (GNDs) proposed by Ashby [185]. In this section, the ISE based on 
the stresses for activating the basal slip and extension twinning under 
indentations with radii of 5 μm, 10 μm and 50 μm is discussed. 
4.5.3.1 Indentation size effect of yielding 
Figure 4.27 shows the influence of indentation radius on the stress for initiating 
the basal slip. The basal CRSS is calculated by Equation 2.21 with indentation 
Schmid factor of 0.18.  The limit of the theoretical shear stress (G/15) is also 
labeled in Figure 4.27, which is around 1.13 GPa for Mg. The basal CRSS values 
for three different size of indenters are all far smaller than the theoretical values 
of homogeneous nucleation, which is consistent with the idea that yielding in our 
case is caused by the activation of pre-existing dislocations. The stress in Figure 
4.27 decreases with increasing indenter radius, which agrees with commonly 
observed results in the literature [144, 183, 186]. It is also noted that the scatter 
in the basal CRSS values decreases with the indenter size, which is also consistent 
with the observation of Bei et al. [187] and Montagne et al. [173]. This is 
attributed to the statistical probability of meeting “easy” dislocation sources in 
the highly stressed zone for a given dislocation density, as shown in Figure 4.28. 
As Phani and Johanns [188] mentioned, the size of the highly stressed zone scales 
with the size of the indenter, and is also related to the applied load. In our case, 
the contact area at the average yielding load for 50 μm radius indenter is 8 times 
and 2.2 times larger than that for 5 μm and 10 μm radius indenter respectively. 
Figure 4.28 also suggests that CRSS values seen in polycrystal (15-30 MPa) will 
be encountered if the indenter radius was extended to > 60 μm. 
    
113 
 
 
Figure 4.27 The critical resolved shear stress for basal slip as a function of 
indenter radius. Note that the fitted line through data points is a guide for the 
eyes. The error bars show the standard deviation. 
 
 
Figure 4.28 Schematic plot showing the indenter size effect. 
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4.5.3.2 Indentation size effect of critical pop-in 
The extreme values of the resolved shear stresses for {10ͳത2} extension twin 
nucleation for {ͳͲͳതͲ} plane indentation for 10 μm and 50 μm radius indenters 
are shown in Figure 4.29. The curves for 5 μm radius indenter are also plotted as 
a reference. Second order polynomial lines are drawn through the predicted 
points so as to convert the loads to CRSS. It is observed that the resolved shear 
stress on twinning plane for the largest indenter shows the lowest values and the 
variation is also very small within the maximum applied load. So it is not 
surprising that only 52 % curves show pop-in under the load of 20 mN by 50 μm 
radius indenter.  
 
Figure 4. 29 Simulation results showing the extreme maximum RSS values for 
{10ͳത2} twinning for different indentation loads for 5 μm, 10 μm, and 50 μm 
radius indenters on {ͳͲͳതͲ} indented planes.  
Figure 4.30 exhibits evolution of the CRSS converted from Figure 4.19 (b) with 
the indenter size. Strong indentation size effect can also be observed for twin 
nucleation, which is consistent with the finding of Yu et al. [189], Kim [153] and 
Sánchez-Martín et al. [63]. The scatter of the values also tends to decrease with 
the indenter size.  
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The lower estimated values for two smaller indenters seems is similar to the 
simulation results for a defect-free single crystal Mg under uniaxial loading at 100 
K obtained by Barret et al. [190]. However, the present size effect shows that 
heterogeneous nucleation is most likely occur and that this is most probably 
related to the defects within a highly stresses area of the surface beneath the 
indenter. This assumption was also the basis of the Weibull calculation 
performed above in Section 4.5.2.4. 
 
Figure 4. 30 The evolution of the CRSS values for twin nucleation with the 
indenter radius, showing both lower estimate values and the upper estimate 
values. Note that the fitted line through data points is a guide for the eyes. The 
error bars show the standard deviation. 
4.6 Summary and conclusions 
In this chapter, the initiation of plasticity by nanoindentation in AZ31 was studied. 
The tests were performed on {ͳͲͳതͲ} and {ͳͳതʹͲ} crystal planes using a 5 μm 
radius spherical indenter. 10 μm and 50 μm radius spherical indenters were also 
employed for investigating the indentation size effect. From the test results, the 
following conclusions can be made: 
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(a) The observed yielding and the following pop-in event at higher load on 
load-penetration depth curves is caused by the activation of pre-
existing dislocation sources and the nucleation of extension twinning, 
respectively; 
(b) The Critical Resolved Shear Stress for basal slip for indents performed 
on {ͳͲͳതͲ} and {ͳͳതʹͲ} crystal planes is in the range of 200 MPa to 450 
MPa for the 5 μm indenter. The data shows a large scatter, which is 
mainly caused by two reasons: (1) widely spread dislocation sources 
and (2) possible material pick-up on tip; 
(c) The Critical Resolved Shear Stress for twin nucleation is between 400 
MPa and 550 MPa for ሼͳͲͳതͲሽ indentation, and 500 MPa and 670 MPa 
for ሼͳͳതʹͲሽ  indentation. A Weibull scaling connection CRSS for 
polycrystals predicts an around 180 MPa, indicating twin nucleation 
on free surfaces is more difficult than for twin nucleation at grain 
boundaries in a polycrystal; 
(d) Both basal slip activation and extension twin nucleation show 
indentation size effect in term of the CRSS values. Although the effect 
of indenter radius on yielding load was not proportional, once the 
loads were converted to CRSS estimates, a proportional size effect 
could be distinguished; 
(e) Nanoindentation technique employed at present study successfully 
distinguishes the basal slip and twinning event on the load-
penetration depth curves. Although the calculated stress values are 
much higher than those in polycrystal, this technique could be still 
employed to study the relative strengthening effect by alloying on 
basal slip and twin nucleation. 
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Chapter 5 
Deformation during nanoindentation in  
Mg-6Zn alloy 
5.1 Introduction 
Precipitation hardening is one important approach to improve the mechanical 
properties of magnesium. The shape, orientation, volume fraction and size of 
precipitates controls the level of strengthening [104, 106, 191]. In the case of Mg-
6Zn, the observed size and volume fraction of precipitates tend to increase with 
increasing aging time, as shown in Figure 5.1. While the inter-particle spacing on 
basal plane and prismatic plane decreases with aging.  
In this chapter, the influence of aging on nanoindentation is investigated. Solution 
treated, under-aged, peak-aged and over-aged conditions in a Mg-6 wt. % Zn alloy 
are studied. First, the experimental method is introduced in section 5.2. The 
texture, mechanical properties and the morphology of the precipitates are 
presented in Section 5.3. The nanoindentation results and the AFM images of 
indents are shown in the following Section 5.4. Finally, the precipitation 
hardening effect on basal slip and the extension twinning are discussed in Section 
5.5. 
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Figure 5.1 The plot of the (a) average rod-shaped precipitates length (b) 
average rod-shaped precipitates diameter (c) average aspect ratio of the rod-
shaped precipitates (d) precipitates volume fraction (e) inter-particle spacing 
on the basal and prism plane as a function of aging time for Mg-6Zn samples 
aged at 200 °C [100]. 
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5.2 Experimental method 
The material and sample preparation method is described in Section 3.2.3 and 
3.3, respectively. EBSD mappings performed on surface perpendicular to ED for 
solution treated, 1.5 hours aged, 8 hours aged and 24 hours aged Mg-6Zn are 
displayed in Figure 5.2. And grains with normal near to ሾͳͲͳതͲሿ (blue) and ሾͳͳതʹͲሿ 
(purple) within 5 ° are selected for tests. 
 
 
(a) Solution treated Mg-6Zn 
Figure 5.2 EBSD mapping for (a) solution treated sample, (b) under-aged 
sample, (c) peak-aged sample and (d) over-aged sample. The grains with 
normal near to ሾͳͲͳതͲሿ (blue) and ሾͳͳതʹͲሿ (purple) within 5 ° are selected for 
tests. 
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(b) 1.5 hours aged Mg-6Zn (under-aged condition) 
 
(c) 8 hours aged Mg-6Zn (peak-aged condition) 
Figure 5.2 Continued … 
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(d) 24 hours aged Mg-6Zn (over-aged condition) 
Figure 5.2 Continued … 
5.3 Texture, mechanical properties and microstructures  
The macroscopic stress-strain responses determined from the compression tests 
for all the aging conditions are summarized in Figure 5.3 (a). An increase of yield 
stress of 34 MPa, 58 MPa and 55 MPa can be observed when going from the 
solution treated condition to the under-aged, peak-aged and over-aged state, 
respectively, as shown in Figure 5.3 (b). Figure 5.4 shows theሼͲͲͲͳሽ, ሼͳͲͳതͲሽ and 
ሼͳͳതʹͲሽ pole figures of the texture for solution treated Mg-6Zn material. The basal 
texture observed is close to texture experienced plane strain and also agrees with 
result obtained by Jain et al. [100].   
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Figure 5.3  (a) Macroscopic stress-strain curve of solution treated, under-aged, 
peak-aged and over-aged Mg-6Zn, (b) 0.2 % offset yield strength plotted as a 
function of aging time. Error bars represent the standard deviation for 4 tests. 
 
 
 
 
 
(a) 
(b) 
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Figure 5.4 {0001}, {ͳͲͳതͲ} and {ͳͳതʹͲ} pole figure of Mg-6Zn (2340 grains, grain 
size = 61 μm). 
Figure 5.5 shows a series of backscattered electron images for extruded Mg-6 wt. % 
Zn samples at solution treated, under-aged, peak-aged and over-aged conditions. 
The rod-shaped precipitates can be observed in the grains after 1.5 hours aging. 
The shape and the evolution of the precipitates are consistent with the literature 
[99, 100, 192, 193]. At peak-aged and over-aged conditions, a small volume 
fraction of the blocky-shaped precipitates are also formed. The blocky particles 
and the rod-shaped precipitates are the metastable ߚଵᇱ  (ܯ݃ସܼ݊଻  orܯ݃ଶܼ݊ଷ ) 
phase, which has a hexagonal crystal structure with their [0001] direction 
parallel to the [ͳͳതʹͲ] direction of the α-Mg matrix [192].  
 
(a) solution treated Mg-6Zn 
 
(b) 1.5 hours aged Mg-6Zn 
Figure 5.5 Backscatter electron images of Mg-6Zn alloys showing different 
size of rod shaped precipitates after (a) solution treated at 340 °C and 
following aging at 200 °C for (b) 1.5 hours, (c) 8 hours (d) 24 hours. 
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(c) 8 hours aged Mg-6Zn 
 
(d) 24 hours aged Mg-6Zn 
Figure 5.5 Continued… 
5.4 Results 
5.4.1 Load-penetration depth curves 
Figure 5.6 shows representative load-depth curves indented along ሾͳͲͳതͲሿ and 
ሾͳͳതʹͲሿ axis for solution treated, under-aged, peak-aged and over-aged Mg-6Zn 
alloys at the applied load of 5 mN by a 5 μm cone-spherical indenter. The fitted 
indentation modulus by Hertzian elastic contact theory varies between 42 GPa to 
48 GPa. Similar to AZ31, the load-penetration curves for different aging states 
gradually deviate from the Hertzian elastic contact rule at first and followed by a 
critical pop-in event subsequently. It can be seen that the load of critical pop-in 
varies with the aging time. However, in the case of peak-aged and over-aged 
states, the critical pop-in event was not observed on some curves due to the 
limited applied load. And only 72 % curves of peak-aged sample and 56 % curves 
of over-aged samples show a pop-in event below 5 mN. By calculating the 
unloading stiffness S, the radius of contact boundary ܽ  can be estimated by 
Equation 2.13 and 2.14. We simply employ the equation of the contact area ܣ ൌ
ߨܽଶ  and the hardness ܪ ൌ ௉஺ to calculate the hardness for four different alloys 
with aging time, which is 655 MPa, 721 MPa, 749MPa and 787 MPa with a 
standard deviation of 35 MPa, 43 MPa, 8 MPa and 78 MPa, respectively.  
    
125 
 
 
(a) Solution treated Mg-6Zn 
 
(b) Under-aged Mg-6Zn  
Figure 5.6 Typical nanoindentation load-penetration depth curves on {ͳͳതʹͲ} 
and {ͳͲͳതͲ} planes for (a) solution treated Mg-6Zn, (b) under-aged Mg-6Zn (c) 
peak-aged Mg-6Zn and (d) over-aged Mg-6Zn under the applied load of 5 mN. 
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(c) Peak-aged Mg-6Zn 
 
(d) Over-aged Mg-6Zn 
Figure 5.6 Continued … 
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5.4.2 Plastic deformation characterization 
Figure 5.7 shows AFM images and their corresponding load-penetration depth 
curves of nanoindentation tests performed on the ሼͳͲͳതͲሽ ((a)-(d)) and ሼͳͳതʹͲሽ 
((e) and (f)) planes for solution treated Mg-6Zn samples. One can observe in 
curve (a) and (e) that the yielding is the only event that occurred during the 
indentation. In the corresponding AFM images in Figure 5.7 (a) and (e), basal slip 
is the only deformation mechanism observed around the residual imprint. 
Inspection of curve (b) in Figure 5.7, the critical pop-in following the yielding 
occurred at a load of around 0.49 mN. When the test was interrupted at 0.73 mN, 
a small twin is seen sitting beside the residual indent (Figure 5.7 (b)). Comparing 
curve (c) and (d) in Figure 5.7, more pop-in events are observed in curve (d). In 
the corresponding AFM images, more basal slip lines can be seen in Figure 5.7 (d). 
In the case of AFM image in Figure 5.7 (f), one large and two small twins can be 
observed, due to additional nucleation at higher loads (4.85 mN). The twin 
morphologies in solution treated Mg-6Zn look the same as those in AZ31, 
displayed in the previous chapter. 
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Curve 
Yielding 
load 
Critical 
pop-in 
load 
(a) 0.24 mN - 
(b) 0.28 mN 0.49 mN 
(c) 0.53 mN 3.5 mN 
(d) 0.55 mN 1.17 mN 
 
 
 
 
 
 
Figure 5.7 (a) - (d) Load-penetration depth curves in a {ͳͲͳതͲ} grain for 
solution treated Mg-6Zn. And corresponding AFM images of the indentation 
imprint. (e)(f) Load-penetration depth curves in a {ͳͳതʹͲ} oriented grain for 
solution treated Mg-6Zn and corresponding AFM image of the indentation 
imprint.  
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Curve 
Yielding 
load 
Critical 
pop-in 
load 
(e) 0.12 mN - 
(f) 0.33 mN 4.85 mN 
 
 
 
  
Figure 5.7 Continued … 
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The representative AFM images and their corresponding nanoindentation load-
depth curves carried out on one ሼͳͲͳതͲሽ crystal plane of an under-aged Mg-6Zn 
sample are shown in Figure 5.8. The basal slip lines are less distinct than for the 
solution treated case. Non-shearable precipitates are known to create more 
diffuse flow. Extension twins are observed in Figure 5.8 (b) and (c), which is 
consistent with the appearance of critical pop-in event in the corresponding load-
penetration depth curve. More basal slip lines can be observed around the 
imprint in Figure (c). 
 
Curve 
Yielding 
load 
Critical 
pop-in 
load 
(a) 0.2 mN - 
(b) 0.17 mN 1.28 mN 
(c) 0.16 mN 1.75 mN 
 
 
Figure 5.8 (a) - (c) Load-penetration depth curves and corresponding AFM 
images of the indentation imprint in a {ͳͲͳതͲ} grain for under-aged Mg-6Zn.  
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Figure 5.8 Continued… 
Figure 5.9 summarizes nanoindentation along the [ͳͲͳതͲ] ((a)-(c)) and [ͳͳതʹͲ] ((d) 
and (e)) axis for the peak-aged state. A tiny twin is seen in AFM image of (b) which 
is triggered at the critical pop-in load of 0.73 mN and applied load of around 1.1 
mN. Note that the width of twin observed in Figure 5.7 (b) in solution treated 
condition at the critical pop-in load of 0.49 mN and applied load of 0.8 mN is 179 
nm, which is larger than the twin width of 108 nm observed in Figure 5.9 (b). 
Inspection of the AFM image of Figure 5.9 (c), the commonly observed twins 
formed on ሼͳͲͳതͲሽ plane did not extend outside of the indent to any real extent 
until high loads (Figure 5.9 (c)). However, the long twin observed in Figure 5.9 (c) 
appears to be a different variant. In the case of the AFM image for curve (e) in 
Figure 5.9 on a ሼͳͳതʹͲሽ plane, four twins can be discerned. The size of each twin 
seems also small.  So in general, the commonly observed twin type does not 
extend too far away from the indent in aged samples.  
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Curve 
Yielding 
load 
Critical 
pop-in 
load 
(a) 0.07 mN - 
(b) 0.11 mN 0.73 mN 
(c) 0.23 mN 1.38 mN 
(d) 0.22 mN - 
(e) 0.26 mN 1.24 mN 
  
  
 
 
 
Figure 5.9 (a)-(c) Load-penetration depth curves for peak-aged Mg-6Zn and  
corresponding AFM image of the indentation imprint in a {ͳͲͳതͲ} oriented 
grain (d) and (e) Load-penetration depth curves in a {ͳͳതʹͲ} oriented grain for 
peak-aged Mg-6Zn. And corresponding AFM images of the indentation 
imprint. 
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Figure 5.9 Continued… 
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In Figure 5.10, (a) and (b) show ሼͳͳതʹͲሽ  indentation and (c)-(e) display the 
ሼͳͲͳതͲሽ indentation for over-aged state. Inspection of curves (c) and (d) show that 
only one pop-in occurred in each case, but multiple twins were detected in their 
corresponding AFM images respectively. In the case of curve (e), we also observe 
a different twin variant, which probably nucleated at the second pop-in event on 
this curve. 
Curve Yielding 
load 
Critical 
pop-in 
load 
(a) 0.1 mN - 
(b) 0.6 mN 0.98 mN 
(c) 0.13 mN 1.32 mN 
(d) 0.17 mN 1.05 mN 
(e) 0.42 mN 0.82 mN 
 
  
 
 
 
Figure 5. 10 (a) and (b) Load-penetration depth curves for over-aged Mg-6Zn 
and corresponding AFM image of the indentation imprint in a {ͳͳതʹͲ} oriented 
grain (c) - (e) Load-penetration depth curves for over-aged Mg-6Zn and 
corresponding AFM image of the indentation imprint in a {ͳͲͳതͲ} oriented 
grain. 
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Figure 5.10 Continued … 
5.4.3 Distribution of critical loads 
In this section, 7 ሼͳͲͳതͲሽ  oriented grains and 6 ሼͳͳതʹͲሽ  oriented grains were 
selected for testing on the solution treated specimen. 5 ሼͳͲͳതͲሽ oriented grains 
and 5 ሼͳͳതʹͲሽ oriented grains were tested for under-aged samples. In the case of 
peak-aged state, 6 ሼͳͲͳതͲሽ  oriented grains and 8 ሼͳͳതʹͲሽ  oriented grains were 
tested. And 6 ሼͳͲͳതͲሽ  oriented grains and 6 ሼͳͳതʹͲሽ  oriented grains have been 
tested for over-aged samples. The information of Euler angles and 3-dimentional 
crystal schematic diagrams are listed in Table 5.1. 
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Table 5.1 Different orientations for ሼͳͲͳതͲሽ group and ሼͳͳതʹͲሽ group in terms of 
their Euler angles selected for tests at heat treated, under-aged, peak-aged and 
over-aged conditions. 
Condition 
Orientation 
group 
Euler Angle 
3D crystal ߮ଵ    Ȱ ߮ଶ 
Heat treated 
ሼͳͳതʹͲሽ 
1.3 93.1 1.2 
 
97.4 93.5 2.4 
 
49.9 91.4 56.4 
 
5.9 89.3 0.2 
 
176 92.6 57.5 
 
87.5 90.4 60 
 
ሼͳͲͳതͲሽ 
165.9 87.2 26.7 
 
171.1 89.7 27.4 
 
72.8 85.9 28.9 
 
54.8 87.1 26.5 
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142.8 89.1 28.8 
 
101.4 89.2 29.9 
 
51.2 89.7 31.7 
 
Under-aged 
ሼͳͳതʹͲሽ 
44 90.5 1.2 
 
40.6 91.8 57.4 
 
170.2 85.6 58.7 
 
43.3 90.7 0.2 
 
18.8 87 59.6 
 
ሼͳͲͳതͲሽ 
8.8 90.1 28.1 
 
120.2 87 28.6 
 
18.8 90.7 29.9 
 
166.7 85.8 31.1 
 
    
138 
 
35.9 85.9 29.9 
 
Peak-aged 
ሼͳͳതʹͲሽ 
178.1 88.5 2.4 
 
87.2 93.5 1.8 
 
165.7 92 1.7 
 
87.3 93.5 1.9 
 
174.8 89.9 2.6 
 
54.6 89.9 59.6 
 
118.8 89.4 2.5 
 
158.7 89 55.9 
 
ሼͳͲͳതͲሽ 
116.7 86.5 27.5 
 
151.4 91.3 26.7 
 
155.6 90.4 27 
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6 88.9 31.3 
 
155.2 88.7 32.4 
 
31.1 86.8 27.5 
 
Over-aged 
ሼͳͳതʹͲሽ 
90.9 91.8 3 
 
10 85.6 59 
 
132.7 91.5 2 
 
102.4 86.4 57.9 
 
101.3 90.6 1.6 
 
159.9 91.5 3 
 
ሼͳͲͳതͲሽ 
94.2 92.4 27.2 
 
163.8 86.1 28.5 
 
33.7 87 28.8 
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90.9 86.1 31.2 
 
68.1 94.1 29.5 
 
107.7 87.3 31.4 
 
 
 
Figure 5.11 shows the cumulative probability of yielding and the critical pop-in 
events for samples with different aging conditions. As we mentioned before, only 
72 % of the curves for peak-aged samples and 56 % curves for over-aged samples 
show critical pop-in events. A Weibull curve is then employed to fit the 
distribution. The average load for yielding is 0.63, 0.62, 0.56 and 0.75 mN for 
different aging conditions, respectively. These values are not significantly 
different. However, the twinning process is more strongly influenced by aging. 
The critical pop-in load at under-aged condition is increased from 2.05 mN to 2.9 
mN, compared to the solution treated case. And the mean load for critical pop-in 
event increases to 4 mN at peak-aged condition and 5.2 mN at over-aged state. 
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Figure 5.11 Yielding and critical pop-in load statistics for both {ͳͳതʹͲ} and 
ሼͳͲͳതͲሽ indentation tests for all heat treated conditions of Mg-6Zn. Weibull 
curves are fitted to the yielding and critical pop-in. The mean load of yielding is 
0.63, 0.62, 0.56 and 0.75 mN for solution treated, under-aged, peak-aged and 
over aged condition, respectively. The mean load of the critical pop-in event is 
2.05, 2.9, 4 and 5.2 mN for solution treated, under-aged, peak-aged and over 
aged condition, respectively. There are 3 samples tested for nanoindentation for 
each conditions. 
The relation between the critical pop-in width and pop-in load for both {ͳͳതʹͲ} 
and ሼͳͲͳതͲሽ indentation is shown in Figure 5.12 (a). And the data points for peak-
aged condition is also given in density plot in Figure 5.12 (b) (The red shows the 
strongest density while the blue shows the weakest). Although the values show a 
large scatter, they can be divided into two groups.  Part of data points for peak 
and over-aged samples are similar with the distribution of those for solution and 
under-aged states. By employing Equation 4.1, the data points for solution 
treated and under-aged states fit best for K߬௙
ିభమ ~ 0.047 with the standard error 
of estimate 0.024. While K߬௙
ିభమ ~ 0.015 fits another fraction of the points for peak 
and over-aged samples. The observed two groups of data spread in peak and 
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over-aged state is probably due to the different twin variant selection and 
different twin number formed during a critical pop-in event.   
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Figure 5.12 (a) Relationship between critical pop-in load and critical pop-in 
width for four conditions of Mg-6Zn for both {ͳͳതʹͲ} and ሼͳͲͳതͲሽ indentation 
tests. (b) Density plot of data points of peak-aged condition. The red shows the 
strongest density while the blue shows the weakest. 
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5.5 Discussion 
5.5.1 Macroscopic hardening 
As observed in Figure 5.3, the compression responses along the extrusion 
direction changes significantly with aging. The 0.2% offset yield strength shows 
an increase tendency with aging, but the increment of stress values from the 
current tests (34 MPa, 58 MPa and 55 MPa) show some difference with those 
reported by Jain et al. (25 MPa, 80 MPa and 77 MPa) [194]. The macro-yielding of 
the stress-strain curve is mainly caused by the extension twinning [194], so it is 
clear that twinning is strengthened by precipitates. 
5.5.2 Deformation mechanism  
As for AZ31, the main deformation modes around the indents are basal slip and 
extension twinning for Mg-Zn alloy.  However, the steps of basal slip on the 
surface are very difficult to be observed in the aged samples compared to AZ31. 
This is probably due to the influence of the precipitates on the slip lines. The 
present precipitates are not sheared, at least for the peak and over-aged states 
[100]. So more diffuse slip lines are expected.  
In the case of ሼͳͲͳതͲሽ indentation, three different twin variants were observed 
(Figure 5.9 (c) and Figure 5.10 (e)) in the peak-aged and over-aged samples. In 
these two cases, two commonly observed twin variants are formed at first and 
the third one nucleates at higher loads. Twinning seems to be more difficult to 
nucleate in the aged samples, but once it nucleates, it seems like different variants 
can form. Although twin nucleation generally follows the CRSS law [55], twin 
variant formation does not always coincide with the highest Schmid factor [56, 
195]. The local stress state controls twin variant selection. It is observed that 
massive basal slip occurs once the initial twins are formed (see Figure 4.12). The 
interaction of those massive basal slip and precipitates changes the local stress 
state, which probably leads to the different twin variant selection and so as to 
minimise the compatibility strain.  
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Table 5.2 summarizes the number of twins around the indents on the surface of 
AZ31 and four Mg-6Zn alloys under the applied load that is smaller than 5 mN. 
Maximum 2 twins were formed around the indents in AZ31, solution treated and 
under-aged Mg-6Zn, while at most 4 or 5 twins were observed in peak- and over-
aged Mg-6Zn (The uncertainty of the twin number is due to the overlapped part 
of two twins). It appears that more twins are formed in peak and over-aged states. 
The size of twin is not easy to be measured, but two commonly observed twin 
variants in Figure 5.9 (c) only extended outward from the indent border for 
around 0.16 μm under an applied load of 4.6 mN for the peak-aged samples. This 
size is smaller than the average inter-particle spacing of 0.22 μm on prismatic 
plane in Figure 5.1 (e). While the length of the same twin variants are around 1.1 
μm outside the imprint border in solution treated Mg-6Zn in Figure 5.7 (d) under 
the applied load of 4.4 mN. It appears that the precipitates prevent the twin from 
extending further.   
Table 5.2 Number of twins observed in AFM images on the sample surface for 
applied load within 5 mN on the sample surface of AZ31 and Mg-6Zn alloys. 
Material 
Applied load 
(mN) 
Number of twins 
AZ31 
0.4 1 
1.5 1 
0.55 2 
1.1 2 
3 2 
5 2 
solution treated 
Mg6Zn 
0.74 1 
4.6 2 
5 2 
under aged 
Mg6Zn 
2 2 
3.2 2 
Peak aged 
Mg6Zn 
1 2 
3.7 4 or 5 
4.4 4 or5 
Over-aged 
Mg6Zn 
1.83 2 
2.7 3 or 4 
3 4 
3.6 4 or 5 
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5.5.3 Influence of precipitates on strengthening effect 
5.5.3.1 Basal slip 
Critical Resolved Shear Stress for basal slip is calculated by Equation 2.21 with 
the Indentation Schmid Factor of 0.18. Figure 5.13 shows the values of CRSS for 
solution treated, under-aged, peak-aged and over-aged Mg-6Zn. The average 
CRSS values for solution treated, under-aged, peak-aged and over-aged Mg-6Zn 
are 376 MPa, 365 MPa, 345 MPa and 381 MPa, respectively, which are all 
magnificently higher than that for AZ31 (330 MPa). Surprisingly, it seems that the 
precipitates did not strengthen the basal slip, which is contrary to Orowan 
strengthening effect on basal slip in Mg-Zn system [10, 100, 106].  
The yielding event in the present case is caused by the movement of pre-existing 
dislocations. If the precipitates do not influence the initial movement of the 
dislocations in the highly stressed zone, then the commencement of basal slip will 
not be strengthened, as shown in Figure 5.14. The stress required to activate 
basal slip is sensitive to Zn concentration [93], but the hardening effect is not 
large. With aging, the solute in the matrix dropped to around 3 wt. % according 
to the Mg-Zn phase diagram. The strengthening effect only decreases by 2-13 MPa 
based on the calculation by Raeisinia [20]. It is clear that the present technique 
fails to estimate the strengthening effect of precipitates in Mg-6Zn on basal slip 
in aged samples. 
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Figure 5.13 The calculated CRSS values for basal slip for solution treated, under-
aged, peak-aged and over-aged Mg-6Zn. The average values are 376 MPa, 365 
MPa, 345 MPa and 381 MPa, respectively. 
 
Figure 5.14 Schematic plot showing the influence of precipitates on the 
movement of the pre-existing dislocations in highly stressed zone without 
precipitates. 
5.5.3.2 Extension twin 
The critical pop-in loads in Figure 5.11 for Mg-6Zn alloys with different aging 
conditions are converted into lower and upper limits of critical resolved shear 
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stresses corresponding to the onset of twinning in Figure 5.15. The average CRSS 
of lower estimation and upper estimation values for twin nucleation are 410 - 
560 MPa, 480 - 660 MPa, 550 - 780 MPa and 625 - 900 MPa for solution treated, 
under-, peak- and over aged Mg-6Zn, respectively. Note that only 72 % and 56 % 
curves show critical pop-in event under the applied load of 5 mN for peak-aged 
and over-aged conditions respectively, this is why the curves terminated at these 
values.  
The hardening effect on extension twinning is consistent with the trend of 
hardness as calculated in section 5.4.1 (655 MPa, 721 MPa, 749 MPa and 787 MPa 
with aging). Figure 5.16 compares the increment of lower estimate of CRSS for 
twin with the results obtained by Jain et al. [194]. It is observed that the values 
are at least 10 times higher than their results, and 2-4 times larger than the 
increment in macro-yielding stresses. However, the increments more or less 
follow similar tendency.  Standard Weibull size effect calculation (Equation 4.3) 
is employed to make a lower approximation of the stress for solution treated 
condition required to form a twin in each grain (95% of them) of a polycrystal 
with a grain size of ~60 μm. The grain boundary area per grain in the polycrystal 
is around 20000 μm2 so x~10000. The contact area 2 μm2 and the Weibull 
modulus 8 is used for calculation. The expected RSS for the polycrystal case is 148 
MPa for solution treated Mg-6Zn.  This value is also higher than effective CRSS 
values seen for twinning calculated for same solution treated sample by Jain et al. 
(grain size 58 μm) which is 23 MPa [194]. The mean RSS values corresponding to 
the onset of twinning at solution treated conditions are between 1 and 1.5 times 
than those corresponding to the onset of basal slip. This is close to the prediction 
~1 by Stanford and Barnett [10] and Jain et al. [194]. In the case of peak and over-
aged specimen, the ܥܴܵܵ௧ ܥܴܵܵ௕ൗ  ratio is only 1.6-2.3, which is smaller than 
prediction of 4 by Stanford and Barnett [10].   
In the case of polycrystal Mg-5Zn, it has been concluded that precipitates do not 
harden the twin nucleation but the stress required for twin growth increases for 
a given strain [10]. The effect was ascribed to ease of nucleation in a precipitate 
free zone constrained with high propagation stresses. However, twin nucleation 
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is found to be strengthened by the rod-shaped precipitates in our investigation 
for tests avoiding the precipitates-free zone. It is found by Stanford and Barnett 
[93] that solute loss does not influence twinning stresses (see Figure 2.12 (c)), so 
the only impact factor is probably the back-stress caused by precipitates. Brown 
at al. [196, 197] raised that the back-stress can be generated during the elastic 
deformation of particles and is proportional to their volume fraction. The glide of 
the twinning dislocations ܾ௧௪  during twin nucleation is resisted by the back 
stress from elastically deformed precipitates. 
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Figure 5.15 (a) Indentation loads converted into RSS values of the lower 
estimate twinning simulations (mean CRSS is 410 MPa for solution treated Mg-
6Zn, 480 MPa for under-aged Mg-6Zn, 550 MPa for peak-aged Mg-6Zn and 625 
MPa for over-aged Mg-6Zn) (b) Indentation loads converted into RSS of the 
upper estimate twinning simulations (mean CRSS is 560 MPa, 660 MPa, 780 
MPa and 900 MPa for solution treated, under-aged, peak-aged and over-aged 
Mg-6Zn respectively). 
m=8 
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Figure 5.16 Plot of increment of lower estimate of CRSS for twin nucleation with 
aging (70 MPa, 140 MPa and 215 MPa) and compare with values calculated by 
Jain et al. [194]. 
5.6 Summary and conclusions 
In this chapter, nanoindentation tests were employed to study the hardening 
effect on basal slip and the extension twinning for solution treated and aged Mg-
6Zn materials. The following conclusions can be made. 
(a) The aging of Mg-6Zn alloy did not change the average CRSS for the 
initiation of basal slip. Precipitates do not hinder the initial movement 
of dislocation sources in the highly stressed zone; 
(b) The nucleation of the twinning is hardened under the indent by the 
rod-shaped precipitates. The twin is at least hardened by 70 MPa, 140 
MPa and 215 MPa with under, peak and over aging, respectively, 
compared to the solution treated state; 
(c) The nucleation of different twin variants is stimulated in the presence 
of precipitates, possibly due to stress state changes resulting from the 
interaction of  basal slip and precipitates; 
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(d) The present work shows nucleation to be key to understand the 
interaction between precipitates and the twin in Mg-6Zn alloys 
whereas previous studies have emphasized the growth effects. 
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Chapter 6 
Deformation during nanoindentation in  
Mg-Gd alloy 
6.1 Introduction 
It is well known that the addition of a small amount rare earth elements modifies 
the texture and improves the room temperature ductility of magnesium alloys 
[198]. Most studies of Mg-RE alloys have focused on the change of mechanical 
properties, texture and grain size. The understanding about how the addition of 
RE alloys influences twin nucleation in magnesium is lacking. In this Chapter, a 
series of Mg-Gd alloys with Gd concentrations in range of 0.3 to 4 wt. % have been 
selected to examine the strengthening effect of Gd on slip and twinning 
deformation modes.  Pure Mg was also studied as a benchmark. In section 6.2, the 
experimental method is introduced. The textures and mechanical properties are 
presented in section 6.3. The nanoindentation results and the deformation 
around the indents in AFM images are shown in section 6.4. Finally the solid 
solution strengthening effect on slip and twinning are discussed in section 6.5. 
6.2 Experimental method 
The sample preparation of the extruded pure Mg and Mg-Gd alloys with four 
different concentrations (0.3, 1, 2.5 and 4 wt. %) was given in section 3.2.4. The 
sample size for compression tests and nanoindentation tests are the same as 
those used for previous materials. Nanoindentation tests were performed by a 5 
μm radius cone-spherical indenter on a sample surface which is parallel to the 
extrusion direction. The sample polishing steps was given earlier in section 3.3. 
All the tests were carried out under the closed loop control with the loading rate 
of 0.01 mN/s. The spacing between each indent was 20 μm. Grains with ሾͳͲͳതͲሿ 
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and ሾͳͳതʹͲሿ direction within 5 ° of the surface normal were chosen for the tests 
(Figure 6.1). For batch tests, a maximum load of 2 mN was applied for pure Mg. A 
maximum load of 3 mN was applied for Mg-0.3 Gd and Mg-1Gd. In the case of Mg-
2.5 Gd and Mg-4Gd, loading was carried out up to 5 mN. Selected tests were 
interrupted after the yielding and the pop-in events. AFM was employed to 
examine the deformation around the indents caused by yielding or pop-ins. 
 
 
(a) Pure Mg 
Figure 6.1 EBSD mapping for (a) pure Mg, (b) Mg-0.3Gd, (c) Mg-1Gd (d) Mg-
2.5Gd and (e) Mg-4Gd. The grains with normal near to ሾͳͲͳതͲሿ (blue) and 
ሾͳͳതʹͲሿ (purple) direction within 5 ° are selected for tests. 
 
(d) 
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(b) Mg-0.3 Gd 
 
 
(c) Mg-1Gd 
Figure 6.1 Continued … 
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(d) Mg-2.5Gd 
 
(e) Mg-4Gd 
Figure 6.1 Continued … 
6.3 Texture and the mechanical properties 
Typical stress-strain curves obtained from compression tests for four Mg-Gd 
alloys are presented in Figure 6.2 (a) and the effect of Gd concentration on the 
0.2 % offset yield strength and total elongation is shown in Figure 6.2 (b). Both 
(d) 
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0.2 % offset yield stress and total elongation tend to increase with the Gd 
concentration. The mean yield stress is 33 MPa, 53 MPa, 63 MPa and 80 MPa and 
the average elongation is 0.22, 0.29, 0.34 and 0.41, respectively with addition of 
Gd element. Figure 6.3 shows the inverse pole figures of extruded pure 
magnesium and Mg-Gd series alloys. Pure magnesium shows very strong basal 
textures. The addition of Gd refined the grains and weakened the basal texture. 
At higher content of Gd, a non-basal [ͳͳതʹͳ] texture is formed. However, the grain 
size and strength of texture remain constant when more than 1 wt. % Gd is added. 
Stanford and Barnett [199] suggested that only a small amount of Gd could 
significantly modify the extrusion texture at a certain range of extrusion 
temperature.  
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Figure 6.2  (a) Macroscopic stress-strain curve of Mg-0.3 Gd, Mg-1 Gd, Mg-2.5 Gd 
and Mg-4 Gd, (b) 0.2 % offset yield strength and elongation plotted as a function 
of concentration of Gd.  
 
(a) 
(b) 
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(a) Pure Mg, Grain size = 24 μm, 3658 grains 
 
 
(b) Mg-0.3Gd, Grain size = 62 μm, 1600 grains 
 
 
(c) Mg-1Gd, Grain size = 30 μm, 6123 grains 
 
 
(d) Mg-2.5Gd, Grain size = 28 μm, 7148 grains 
 
Figure 6.3 Inverse pole figure (a) pure Mg (b) Mg-0.3Gd (c) Mg-1Gd (d) Mg-
2.5Gd (e) Mg-4Gd. 
 
ED 
ED 
ED 
ED 
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 (e) Mg-4Gd, Grain size = 28 μm, 3251 grains 
Figure 6.3 Continued … 
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6.4 Results 
6.4.1 Load-penetration curves 
Typical indentation load-penetration depth curves are shown in Figure 6.4 for 
extruded pure magnesium and Mg-Gd series alloys. Inspection of the curves of 
each group, the initial elastic stage show repeatable results. And the load traces 
depart from the Hertzian elastic contact prediction, which is followed by a critical 
pop-in.  
 
Figure 6.4 Typical nanoindentation load-penetration depth curves for {ͳͳതʹͲ} 
and {ͳͲͳതͲ} indentations for (a) Pure Mg (b) Mg-0.3 Gd (c) Mg-1 Gd (d) Mg-2.5 
Gd and (e) Mg-4 Gd. 
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Figure 6.4 Continued … 
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Figure 6.4 Continued … 
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6.4.2 Plastic deformation characterization 
Figure 6.5 and Figure 6.6 show the deformation modes around the residual 
imprints in selected grains in Mg-0.3 wt. % Gd alloy and Mg-1Gd, respectively. 
The AFM images of (a) and (d) of Figure 6.5 together with their load-depth curves 
again verify that the formation of the basal slip lines are caused by the yielding. 
And extension twins are seen only if a pop-in event occurred during the 
nanoindentation, such as (b), (c), (e) and (f) in Figure 6.5 and (a)-(d) in Figure 6.6. 
The twin morphology for ሼͳͲͳതͲ} and {ͳͳതʹͲ} orientations is also the same as that 
normally observed in AZ31.  
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Curve 
Yielding 
load 
Critical 
pop-in 
load 
(a) 0.198 mN - 
(b) 0.27 mN 0.48 mN 
(c) 0.25 mN 0.37 mN 
(d) 0.2 mN - 
(e) 0.2 mN 0.71 mN 
(f) 0.32 mN 0.99 mN 
 
 
 
 
 
 
Figure 6.5 (a) - (c) Load-penetration depth curves in a {ͳͲͳതͲ} grain for Mg-0.3 
Gd, and corresponding AFM image of the indentation imprint. (d) - (f) Load-
penetration depth curves in a {ͳͳതʹͲ} grain for Mg-0.3 Gd, and corresponding 
AFM image of the indentation imprint.  
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Figure 6.5 Continued … 
    
167 
 
 
  
Figure 6.5 Continued … 
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Curve Yielding 
load 
Critical 
pop-in 
load 
(a) 0.14mN 0.82 mN 
(b) 0.35 mN 1.59 mN 
(c) 0.28 mN 0.8 mN 
(d) 0.29 mN 0.58 mN 
 
 
  
 
Figure 6.6 (a) and (b) Load-penetration depth curves in a {ͳͳതʹͲ} grain for Mg-1 
Gd, and corresponding AFM image of the indentation imprint. (c) and (d) Load-
penetration depth curves in a {ͳͲͳതͲ} grain for Mg-1 Gd and corresponding AFM 
image of the indentation imprint. 
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Figure 6.6 Continued … 
The nanoindentation results for Mg-2.5 wt. % Gd are displayed in Figure 6.7.  The 
deformation modes around the residual indent show no difference in the {ͳͲͳതͲ} 
oriented grain compared with previous Mg-Gd alloys. However, when a higher 
load of around 14 mN was applied to a ሼͳͳതʹͲሽ oriented grain (Figure 6.7 (c)), 
faint basal slip lines are observed inside the twin, as marked by a circle. 
In the case of the Mg-4 wt. % Gd alloy, as shown in Figure 6.8, there is still no big 
difference for {ͳͲͳതͲ} nanoindentation (Figure 6.8 (d)) with previous results of 
Mg-Gd alloys. However, we observe material pile-up on one side of the indent 
(Figure 6.8 (b)), which occurred after the initiation of basal slip (Figure 6.8 (a)). 
No pop-in event was observed for the new feature in the corresponding curve. 
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Extension twins are seen subsequently after the pop-in occurred at 15.9 mN 
(Figure 6.8 (c)). Closely checking the pile-up in Figure 6.8 (b) and (c), some wavy 
lines can be observed, and these might be the non-basal slip traces. Most basal 
slip lines (Figure 6.8 (c)) inside the twin extend into the matrix probably due to 
shrinkage of the twin during the unloading. 
Curve 
Yielding 
load 
Critical 
pop-in 
load 
(a) 0.16 mN 0.45 mN 
(b) 0.21 mN 0.39 mN 
(c) 0.49 mN 1.71 mN 
 
 
 
 
  
Figure 6.7 (a) and (b) Load-penetration depth curves in a {ͳͲͳതͲ} grain for 
Mg-2.5 Gd, and corresponding AFM image. (c) Load-penetration depth curves 
in a {ͳͳതʹͲ} grain for Mg-2.5 Gd, and corresponding 2D and 3D AFM images of 
the indentation imprint. 
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Figure 6.7 Continued… 
    
172 
 
Curve 
Yielding 
load 
Critical 
pop-in 
load 
(a) 0.19 mN - 
(b) 0.14 mN - 
(c) 0.1 mN 15.9 mN 
(d) 0.1 mN 1.07 mN 
 
 
 
 
 
 
 
 
 
Figure 6. 8 (a) - (c) Load-penetration depth curves in a {ͳͳതʹͲ} grain for Mg-4 
Gd, and corresponding AFM image. (d) Load-penetration depth curves in a 
{ͳͲͳതͲ} grain for Mg-4 Gd and corresponding AFM image. 
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Figure 6.8 Continued… 
    
174 
 
6.4.3 Distribution of critical loads 
In this section, 3 ሼͳͲͳതͲሽ  oriented grains and 4 ሼͳͳതʹͲሽ  oriented grains were 
selected for testing for pure Mg specimen. 3 ሼͳͲͳതͲሽ oriented grains and 5 ሼͳͳതʹͲሽ 
oriented grains were tested for Mg-0.3 Gd samples. In the case of Mg-1Gd, 6 
ሼͳͲͳതͲሽ  oriented grains and 4 ሼͳͳതʹͲሽ  oriented grains were tested. 2 ሼͳͲͳതͲሽ 
oriented grains and 2 ሼͳͳതʹͲሿ oriented grains were tested for Mg-2.5 Gd samples.  
And 2 ሼͳͲͳതͲሽ oriented grains and 2 ሼͳͳതʹͲሽ oriented grains have been tested for 
Mg-4 Gd samples. The information of Euler angles and 3-dimentional crystal 
schematic diagrams are listed in Table 6.1. 
Table 6. 1 Different orientations for ሼͳͲͳതͲሽ group and ሼͳͳതʹͲሽ group in terms of 
their Euler angles selected for tests on pure Mg, Mg-0.3 Gd, Mg-2.5 Gd and Mg-
4Gd. 
Material 
Orientation 
group 
Euler Angle 
3D crystal ߮ଵ    Ȱ ߮ଶ 
Pure Mg 
ሼͳͳതʹͲሽ 
53.5 90 2.5 
 
109.6 94.1 58.9 
 
66.7 92.9 56.5 
 
31.7 89.9 59.1 
ሼͳͲͳതͲሽ 
66.8 89.9 31.9 
 
25.1 89.9 33 
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64.2 89.1 32.2 
 
Mg-0.3Gd 
ሼͳͳതʹͲሽ 
102.6 93.2 0.4 
 
84 86.9 1.9 
 
113.9 87.6 2.9 
 
81.4 91.1 3.9 
 
56.3 91.1 2.1 
 
ሼͳͲͳതͲሽ 
5.2 91.5 32.9 
 
61 87.4 32 
 
 14.4 92.5 30.1 
 
Mg-1Gd ሼͳͳതʹͲሽ 
49.6 88.2 0.6 
 
40.3 88.1 2.2 
 
166.3 89.4 1.3 
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157.8 90.5 0.5 
 
ሼͳͲͳതͲሽ 
94.1 93.4 30 
 
164.8 91.8 31.6 
 
132.2 91.2 33.1 
 
167.8 87 28 
 
77.2 88.1 27.1 
 
33.3 90.8 34.2 
 
Mg-2.5Gd 
ሼͳͳതʹͲሽ 171.2 90.6 2.6 
 
ሼͳͲͳതͲሽ 
79.3 86.8 28.9 
 
43.3 89.7 28.3 
 
Mg-4Gd ሼͳͳതʹͲሽ 
166.8 93.3 1.6 
 
41.4 90.2 56.2 
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ሼͳͲͳതͲሽ 
58.1 90.6 28.1 
 
40.8 90.4 26 
 
 
The effect of Gd on critical loads is summarized in Figure 6.9. Weibull curves are 
fitted as per previous chapters. In the case of Mg-4Gd, only 93 % of curves show 
a critical pop-in event. The addition of 0.3 wt. % to 2.5 wt. % Gd raised the yielding 
load by around 0.06 mN. The value is increased to 0.13 mN when 4 wt. % Gd was 
added. In the case of the critical pop-in load, the mean value remained the same 
for Gd concentrations less than 1 wt. %. The value is increased by 0.5 mN and 1 
mN when 2.5 wt. % and 4 wt. % Gd was added.  
 
Figure 6.9 Yielding and critical pop-in load statistics for {ͳͳതʹͲ} and {10ͳതͲ} 
indentations for different concentration of Gd. Weibull distribution is employed 
to fit each curve to estimate the average value. The mean yielding load is 0.27 
mN, 0.33 mN, 0.35 mN 0.33 mN and 0.4 mN, and the mean critical pop-in load is 
1.05 mN, 1 mN, 1.1 mN, 1.5 mN and 2.5 mN for pure Mg, Mg-0.3Gd, Mg-1Gd, Mg-
2.5Gd and Mg-4Gd, respectively. There are 2 samples tested for each conditions. 
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Figure 6.10 shows the relationship between the critical pop-in load and the 
critical pop-in width for Mg-Gd series alloys. Equation 4.1 is also employed to 
predict their relation for best fitting by giving K߬௙
ିభమ 0.144, 0.128, 0.1, 0.09 and 
0.055 with standard error of estimate 0.01, 0.006, 0.008, 0.013 and 0.004 for pure 
Mg, Mg-0.3 Gd, Mg-1Gd, Mg-2.5 Gd and Mg-4Gd, respectively.  
 
Figure 6.10 The relationship between critical pop-in load and critical pop-in 
width for different concentration of Gd for ሼͳͳതʹͲሽ and ሼͳͲͳതͲሽ indentations.  
6.5 Discussion 
6.5.1 Macroscopic hardening 
As observed in Figure 6.2, the yield stress increases with the addition of Gd. 
Although the macro-yielding of the stress-strain curve is mainly caused by the 
extension twinning, the hardening effect on twinning is not clear. The increasing 
trend of the yield strength is caused by combing the effect of smaller grain size 
and the modified texture, which exaggerates the impact of Gd on strength. 
However, the ductility increases as Gd levels are increased. 
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6.5.2 Deformation mechanism 
The deformation modes observed around the indents on {ͳͲͳതͲ} crystal planes 
for four Mg-Gd alloys are basal slip and extension twin, which are same with that 
observed in AZ31 and Mg-6Zn series alloys in the previous two chapters.  
In the case of Mg-2.5Gd and Mg-4Gd alloy, the extension twin was formed at 
higher load on {ͳͳതʹͲ} indentation planes. We also observe the slip traces inside 
or close to the extension twin, which are nearly perpendicular to the basal slip 
lines in the matrix. During twinning, the lattice inside the twin is reoriented 86.3 °, 
indicating the basal plane in the twin is nearly 90 ° with that in matrix. So the 
observed slip lines inside or near the twin is probably the basal slip occurred 
inside the twin to accommodate the strain during twinning process. The reason 
basal slip lines remain outside of the twin domain is due to de-twinning. The 
surrounding material during twin thickening causes back-stress between the 
parent and the twin domain [51, 200]. Once the applied load was removed, the 
back-stress leads to twin shrinkage but the basal slip ridges remain on the surface.  
6.5.3 Influence of Gd addition on strengthening effect  
Figure 6.11 shows the evolution of the CRSS values for basal slip with Gd 
concentration, which are converted according to Equation 2.21 with the 
indentation Schmid factor of 0.18. It is observed that the strengthening effect on 
basal slip is similar when 0.3 wt. % to 2.5 wt. % Gd is added. And the mean CRSS 
value is only improved by around 15 MPa. In the case of the highest concentration 
of alloy Mg-4Gd, the increase of mean basal CRSS is still not large, which is 37 MPa.  
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Figure 6. 11 The evolution of basal CRSS for ሼͳͳതʹͲሽ and ሼͳͲͳതͲሽ indentations 
with the concentration of Gd in Mg. The mean CRSS is 285 MPa, 300 MPa, 307 
MPa, 305 MPa and 322 MPa for pure Mg, Mg-0.3 Gd, Mg-1 Gd, Mg-2.5 Gd and 
Mg-4Gd. 
Figure 6.12 shows the converted lower and upper limits of critical resolved shear 
stresses corresponding to the nucleation of twins for pure Mg and four Mg-Gd 
alloys. The lower estimate of twinning CRSS for ሼͳͳതʹͲሽ indentation and ሼͳͲͳതͲሽ 
indentation is given in Figure 6.12 (a). Weibull Equation is employed to fit the 
data points. In general, the addition of Gd does not influence the activation of 
extension twinning until 2.5 wt. % Gd was added and the strengthening effect 
increased even more at the concentration of 4 wt. %. The upper estimate value is 
increased by 50 MPa and 110 MPa for Mg-2.5Gd and Mg-4Gd alloys, respectively. 
When closely checking the CRSS in two orientations in Figure 6.12 (a), it is found 
that the hardening effect on twin nucleation by Gd only can be observed in ሼͳͳതʹͲሽ 
oriented grains, which is increased by 15 MPa, 15 MPa, 80 MPa and 190 MPa. 
While the addition of Gd shows no influence in ሼͳͲͳതͲሽ orientation (330 MPa).  
Gd is known to have a larger atomic radius (180 pm) compared with Mg (160 pm), 
which may prevent the dislocation movement [19]. Once small amount of Gd (0.3 
wt. %) is added, the strengthening on basal slip can be observed and keeps same 
until Gd solute clustering is formed in the matrix. Gd was found to be periodic 
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segregated in twin boundaries to reduce the elastic strain energy caused by 
twinning, which have a pinning effect on twinning dislocations [202]. Large 
solute clusters also play a role of obstacle and inhibit the motion of both basal 
and twinning dislocations [90, 201]. However, the hardening of twinning is 
orientation sensitive in our study: the CRSS for twin is only increased for 
indentation on ሼͳͳതʹͲሽ crystal planes. The reason for this is not fully understood.  
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Figure 6.12 (a) Critical pop-in loads converted into lower estimate RSS values 
for twinning for ሼͳͳതʹͲሽ and ሼͳͲͳതͲሽ indentations (mean CRSS is 332 MPa, 330 
MPa, 330 MPa, 390MPa and 550 MPa for {ͳͲͳതͲ} indentation and is 340 MPa, 
355 MPa, 355 MPa, 420 MPa and 530 MPa for ሼͳͳതʹͲሽ indentation with evolution 
of Gd concentration) (b) Critical pop-in loads converted into upper estimate RSS 
values for twinning for ሼͳͳതʹͲሽ and ሼͳͲͳതͲሽ indentations (mean CRSS is 436 MPa, 
438 MPa, 445 MPa, 505 MPa and 584 MPa with evolution of Gd concentration). 
    
183 
 
6.5.4 Solid solution effect by different solute 
Figure 6.13 shows the relation between basal CRSS and the ܥ
భ
మ of the solutes (Zn, 
Gd and Al) investigated in present work. It is found that the hardening rate of Zn 
on Mg against basal slip is better than that of Gd. The addition of 3 wt. % Al (2.5 
at. % Al) also shows extra strengthening effect compared to Mg-1 wt. %  Zn. 
Evaluation of solute strengthening degree can be calculated by ݀߬
݀ܿ
భ
మ
൘ . The 
hardening caused by Al can also be estimated by the extra increment of CRSS 
compared to Mg-1Zn. The value for basal slip is 58, 43 and 15 for solute Zn, Gd 
and Al, respectively. The strengthening sequence for Zn and Al observed agrees 
with simulation results by Ghazisaeidi [203]. In addition, at higher Zn 
concentration (˃ 0.7 at. %), the short range order on basal plane is a very 
important factor of strengthening [89], which probably makes Zn as the most 
effective solute to harden the basal slip. 
 
Figure 6. 13 Basal CRSS as a function ofܥ
భ
మ.  
Figure 6.14 shows the plot of upper estimate of twin CRSS as a function of ܥ
భ
మ of 
the solutes. The strengthening rate by Gd is minor at the initial stage of alloying 
and increases significanly after the addition of 1 wt. % Gd. According  to equation 
݀߬
݀ܿ
భ
మ
൘ , the solute strengthening degree is 80 for Zn, 350 (19 for initial stage) for 
Gd and 97 for Al. The value for Al is probably overestimated due to the influence 
    
184 
 
of precipitates on twinning in AZ31. It is found that Zn, Gd and Al strengthen twin 
more effective than basal slip, which also agree with simulation result. As 
observed by Nie et al. [202], Zn and Gd are periodic segregated in twin boundaries, 
which pins the motion of twinning dislocations. The bond of MgGd in twin 
boundaries is nearly 2.5 times higher than Mg-Zn bond, implying a stronger 
pinning effect.  
 
 
Figure 6. 14 Upper estimate of twin CRSS as a function ofܥ
భ
మ. 
6.6 Summary and conclusions 
In this chapter, nanoindentation tests were performed on pure Mg, Mg-0.3 Gd, 
Mg-1 Gd, Mg-2.5 Gd and Mg-4 Gd. The influence of the concentration of Gd on 
basal slip and extension twin is investigated. The following conclusion can be 
made. 
(a) The addition of Gd refines the grains, weakens the basal texture and raises 
the ductility of polycrystal Mg at room temperature; 
(b) The strengthening effect by Gd on basal slip is not significant in the three 
less concentrated Mg-Gd alloys. Even in Mg-4 wt. % Gd, the basal CRSS is 
only raised by 37 MPa. The strengthening effect is possibly due to 
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inhibition the movement of basal dislocations by Gd atom and solute 
clusters; 
(c) The twin nucleation was not strengthened until 2.5 % Gd was added, 
which is due to the pinning effect by Gd solute clusters and periodic 
segregation in twin boundaries. However, the strengthening can only be 
observed in {ͳͳതʹͲ} oriented grains. The reason is not fully understood.  
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Chapter 7 
Contributions to original knowledge and 
future work 
7.1 Contributions to original knowledge 
Nanoindentation was employed to investigate the initiation of plasticity in AZ31, 
Mg-6Zn and Mg-Gd series alloys. The understanding of alloying on two 
deformation mechanisms, basal slip and extension twinning in magnesium, could 
help the rational alloy design and make precise prediction for simulation work. 
The key contributions to original knowledge of this thesis are summarized as 
follows: 
(a) The technique employed in present study successfully distinguished the 
basal slip and extension twinning from the load-penetration depth curves. 
The yielding on the curve is caused by the activation of pre-existing 
dislocations and the twin nucleation leads to the following critical pop-in 
event. 
(b) The technique could evaluate the stress for initiation of basal slip and 
twinning by CPFEM simulation. However, the converted CRSS values by 
Weibull size equation for polycrystal are considerable higher than the 
effective CRSS values seen for twinning in AZ31 polycrystal, indicating the 
twin nucleation on free surface is more difficult than that at grain 
boundaries in a polycrystal. 
(c) Both CRSS values for basal slip and extension twin nucleation show a 
proportional Indentation Size Effect with indenter radius.  
(d) For Mg-6Zn alloys, it is found that the presence of the rod-shaped 
precipitates does not hinder the initial movement of basal slip while 
inhibits the twinning process. Twin nucleation is key to understand the 
interaction between precipitates and the twin, which is different with 
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previous studies. A different twin variant is stimulated by the presence of 
the precipitates due to the modified local stress state caused by the 
interaction of basal slip and the precipitates. 
(e) For Mg-Gd series alloys, the increasing Gd concentration improves the 
ductility of Mg alloys at room temperature. The hardening on basal slip is 
not significantly and caused by the pinning of dislocations by large Gd atom 
and solute clusters. The solute strengthening effect on twinning shows to 
be orientation sensitive, however, the reason is not fully understood. 
(f) It is suggested that the solid solution hardening against basal slip by Zn is 
much stronger, compared with the effect by Gd and Al. This is due to the 
short range order effect at higher Zn concentration on the basal plane. In 
the case of solution hardening on twining, concentrated Gd results in a 
significant strengthening degree than Zn and Al, which is probably due to 
the pinning by the solute clusters and periodic segregation in twin 
boundaries. 
7.2 Suggestions for Future work 
Some issues of this study are still not fully understood. The following are 
suggestions for future work to get a better understanding of the influence of 
alloying on the deformation modes in magnesium. 
(a) The deformation modes in different orientations, such as {0001} and 
{ͳͲͳതʹ} crystal planes, should be systematically investigated. 
(b) The dislocation free Mg samples prepared by chemical polishing is 
encouraged to be studied. 
(c) The twin number and twin morphology underneath the indenter for 
different applied load are not clear. 
(d) Twin variant selection mechanism for twin nucleation could be studied, 
especially in aged materials. 
(e) It is also required to understand the strengthening effects of different 
shape of precipitates on extension twins. 
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(f) The deformation modes for Mg-based material containing higher 
concentration of Gd in {ͳͳതʹͲ} and {ͳͲͳതͲ} crystal planes are not fully 
understood, which require more tests to confirm. 
(g) It is encouraged to study the influence of higher temperature on 
deformation modes of Mg by nanoindentation. 
(h) More experiment and CPFEM analyses are required to make clear whether 
the prismatic or pyramidal slip is activated before twinning in the most 
concentrated Mg-Gd alloy. 
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Appendix A  
CPFEM model  
A.1 Constitutive model 
The elasto-plastic simulations are based on continuum crystal plasticity, which is 
based on decomposition of deformation gradient into elastic and plastic parts 
[178, 179]. The plastic deformation is calculated for the first step. The elastic 
deformation of the crystal lattice is added during the second step to restore 
compatibility of the total deformation gradient. Such decomposition can 
expressed as:  
                                                             peFFF                                                    Equation A-
1 
where plastic part is related to the slip occurring in slip systems characterized by 
slip direction (ms) and normal to the slip plane (ns). It can be written as: 
                                                   ¦
 
  
n
s
s
1
ss1pp nmFF J                                   Equation A-2 
Slip rate at given slip system 
sJ  is defined by the following expression: 
                                                   s
nss
s sign
K
r WWJ                                   Equation A-
3 
where τs is the resolved shear stress, rs is the corresponding isotropic strain 
hardening variable. A non-linear hardening rule is prescribed by the following 
equation:  
                                                   ¦
 
 
n
r
rsrs bvhqrr
1
0 exp1                       Equation A-
4 
where r0 is the initial value of critical resolved shear stress, q and b are 
phenomenological constants, vr is the cumulated plastic slip for system (r). Slip 
systems interaction is described by hardening matrix hsr. Its components are 
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equal to 1, so no self or latent hardening is taken into account. Values of 
parameters are listed in table A-1.  
Table A. 1 Parameters of the constitutive model. 
K n q b hsr 
1.0 25.0 1.5 10.0 1.0 
A-2 FE mesh 
The model of the system was created using the FE code Z-set. Due to the 
symmetry only a quarter of the system is simulated. The applied mesh is shown 
in Figure A.1 (a). It consists of 45990 3D linear brick elements. The radial 
dimension of the mesh is chosen to be 50 times the contact radius. This condition 
eliminates the boundary effects and allows the recovery of Boussinesq's solution 
in far distance from the contact area. Indenter is simulated as rigid body and 
contact is taken as frictionless. Two different crystal orientations are taken into 
account: (1) indentation of {10ͳത0} plane; 2) indentation of {11തʹ0} plane. Position 
of both crystal orientations in the model coordinate systems is shown in Figure 
A.1 (b). It was set by defining the proper values of Euler angles. The red lines also 
characterize the orientation of chosen twin planes on which is the twinning shear 
stress evaluated. These planes are characterized by the highest stress level.    
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(a) 
  
(b) 
Figure A. 1 (a) Image of applied 3D mesh. (b) Definition of lines for stress 
analysis and orientations of crystal in the simulation. The red lines represents 
studied twinning plane in which is evaluated the twin shear stress.   
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